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ABSTRACT

PROCESS DEVELOPMENT TO SOLVE CRITICAL CHALLENGES MOVING
TOWARDS TWO INCH SINGLE CRYSTALLINE DIAMOND WAFERS

By

Matthias Muehle

Single crystalline diamond (SCD) has the potential to be widely used in high tech applications,

i.e. optics, electro-optics and electronics. Currently, the limitation on commercialized diamond

applications is the availability of large SCD wafers. SCD wafers of at least two inches in size

will be necessary for a commercial adaptation of SCD applications. Today, the availability

is limited to approximately 8.0 mm× 8.0 mm SCD wafers. Homoepitaxial growth of SCD

material usually does not enlarge the top surface area. Thus, it is necessary to develop SCD

engineering approaches to enlarge the wafer dimensions to two inches and above, and to

develop key technologies that are required for low cost SCD wafer manufacturing.

The primary goal of this thesis is to address and solve some of the key challenges, which

will enable technological advancement towards two inch SCD wafers and beyond. Three

key diamond process, that have the potential to solve SCD wafer manufacturing issues

are investigated in this thesis. These are: (i) laser cutting and shaping of SCD, (ii) ion

implantation for SCD wafer manufacturing and (iii) increasing SCD growth rates.

Laser processing was investigated for the adaptation of SCD wafer processing and sep-

aration. It was found that SCD laser processing can be easily achieved using an infrared

diamond cutting laser. A three stage procedure for separation of SCD wafers was established.

However, the technology proved ineffective for large area SCD wafers due to material losses.

A Lift-Off technique using ion implantation weas introduced as alternative wafer separation

technique was investigated. The procedure is virtually loss-free and scalable up to several



inches in size. Successful Lift-Off was demonstrated using protons, carbon and oxygen ions,

and electrochemical etching. Alternative etching techniques were limited to small wafer

dimensions due to diffusion limitations and partial etching of the SCD wafers.

Increasing the SCD growth rate and crystalline quality was achieved by increasing the

operational pressure regime for microwave plasma assisted chemical vapor deposition from

280 Torr up to 400 Torr. The fundamental reactor behavior was studied by recording the

absorbed power densities and the operational field map in this higher pressure regime.

Absorbed power densities were increasing from 525 to 670 W cm−3. It was found, that the

fixed geometry of the reactor limited the SCD growth, especially above 380 Torr. Thus,

a readjustment of the cavity dimensions and substrate position inside the reactor will be

necessary to increase the operating pressure even further.

SCD growth under high pressures was also explored. Individual deposition runs for different

process pressures and methane concentrations were performed. Growth of freestanding high

quality SCD plates was demonstrated for process pressures up to 400 Torr. The SCD growth

rate increased from 9 to 28 µm h−1 as the process pressure increased from 180 to 380 Torr.

The SCD top surface area increased by 40 %.

A stable pulsable microwave power supply was used to investigate the formation of pulsed

microwave discharges. Video recording of the pulsed discharge formation was performed and

the images were analyzed. Six different discharge ignition cases were identified within the

parameter space (pulsing durations Ton and Toff, and pulsing power levels Pon and Poff).

Finally, preliminary results showed that optimizing the reactor geometry and the use of

pulsed excitation has the potential to enhance SCD growth rates while retaining the high

crystalline quality. In particular, the experiments indicate, that the growth rate can be

increased by 70 to 100 %.
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Chapter 1

Introduction

1.1 Research motivation

Diamond possesses a unique set of physical properties, which makes it the ideal material

for a variety of applications in thermal management, optics and electronics. For example,

the thermal conductivity of diamond at room temperature can be as high 2000 W m−1 K−1

[1], which is the highest of all materials known. Hence, diamond would be the most suitable

material for heat sink applications [2] and as high power IR windows for Gyrotrons [3] utilizing

the low loss properties of diamond, such as having a low dielectric constant and high optical

transparency.

Diamond shows high resistance to ionizing radiation. Thus all particle detectors installed

at the Large Hadron Collider (LHC) are made out of SCD material [4]. Diamond is more

transparent and much less absorbing to high energy photons compared to other elements

making it the ideal material for all X-Ray optical components. Third generation synchrotrons

are based on silicon optics. X-Ray free electron lasers (XFEL), the next generation of

synchrotron sources, will reach energy densities, where the use of diamond optics is necessary

[5]. Production and successful operation of diamond X-ray optics has already been shown

[6, 7, 8].
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Diamond has only one sharp Raman excitation at 1332 cm−1 [9]. A diamond Raman

crystal can be used to alter the output wavelength of an incoming laser beam by increasing

its wavelength due to Raman excitations. Mildren et al. [10] reported on a yellow output

laser beam of 573 nm when using an input wavelength of 532 nm.

A particularly emerging field is the use of diamond in spintronics for quantum computing

[11, 12, 13]. The main advantages of diamond over other spintronics materials, especially

silicon, are that the (NV)- center emits in the visible range of the EM spectra (637 nm) [12]

and that its decoherence time can be up to 1.8 ms [14].

By far the biggest interest of diamond is in its use as electronics material. Intrinsic

diamond is a wide bandgap semidonductor with a bandgap of 5.47 eV [15]. Similar to silicon,

diamond can be doped with boron [16, 17] or phosphorous [18, 19] to achieve p- and n-type

conductivity. This has resulted in the successful realization of unipolar and bipolar diamond

based electronic devices, i.e. Schottky diodes [20], bipolar junction transistors [21], field effect

transistors [22] and high voltage switches [23] to name a few. The combination of doped

and intrinsic layers have led to the design of deep UV light emitting diodes (235 nm) for

sterilization [24]. Diamond electronics, when manufactured out of sufficiently high quality

material, will outperform other wide bandgap semiconductors, i.e. silicon carbide and gallium

nitride, due to its much more favorable Johnson’s figure of merit [25], which defines the limit

of various transistor parameters for devices made out of one particular material. Hence,

diamond has the promise to become the ultimate material for realization of high-power,

high-temperature and/or high-temperature electronics.

The main reason, why diamond based applications are not implemented by industry at

the moment is the lack of availability of large scale and economic SCD wafers for device

manufacturing. For example, 300 mm (12 inch) Si wafers are available at a high quality
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and economic in cost [26], while 150 mm (6 inch) SiC wafers are commercially available and

200 mm (8 inch) wafers are currently under development [27]. In contrast, routinely available

SCD wafers are limited to approximately 8.0 mm× 8.0 mm in size, while being significantly

more expansive than Si and SiC, i.e. a 8.0 mm× 8.0 mm SCD wafer costs $3975 [28], while

a 300 mm prime grade silicon wafer costs as little as $125 [29]. Hence, one carat (200 mg)

of a SCD wafer costs currently $2959, while one carat of silicon costs as little as $0.15; a

staggering 19 500 times difference.

Thus, in order to establish commercialization of diamond based devices it is crucial

to: (i) increase the SCD growth rate and crystalline quality and (ii) increase the SCD

wafer dimensions up to at least 2 inch and (iii) establish a loss-free and scalable SCD wafer

separation technique, analogous to wire sawing for silicon wafers [26].

Increasing the SCD growth rate is of particular importance in order to reduce the deposition

time and costs of SCD wafer manufacturing in an industrial environment, but will also be

needed for the proposed SCD wafer enhancement engineering approach, which will ultimately

yield 2 inch SCD wafers (see Section 2.6.3 for a detailed discussion). Similarly, it is necessary

to develop a wafer separation technique, which is scalable in size and results in only minimal

material loss, in order to further reduce the cost of SCD wafer manufacturing.

Ideally, SCD wafer dimensions must be as large as possible in order to benefit from scaling

effects, i.e. more devices can be manufactured on a single wafer, bringing down the costs per

device significantly. As of now, 2 inch SCD wafers have been identified as the minimum sized

required for a commercial implementation of GaN on SCD serving as heat sink.

It can be seen, that moving towards 2 inch SCD wafers and manufacturing them possesses

a whole set of technological challenges, some of which are addressed by this thesis. In

particular, an engineered approach of enlarging SCD wafer dimensions without a loss in
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crystalline quality needs to be identified and demonstrated. Such an engineered approach

will require a significant amount of SCD shaping through laser machining. Additionally, a

new separation technique has to be identified for SCD wafers as commonly used conventional

cutting mechanism are inefficient due to the hardness of diamond. Finally, the previous

tasks are linked with the growth rate, which is the key parameter to reduce the growth time

necessary making the proposed engineering approach more feasible. The goal of this thesis is

to study those tasks in order to set the framework for the engineering of 2 inch wafers.

1.2 Reseach objectives

The research pursued in this dissertation covers three areas: identify suitable SCD processing

techniques, which will allow (i) to perform the suggested substrate engineering approach, (ii)

to provide a loss-less separation method for 2 inch SCD wafers and (iii) optimize the SCD

deposition process so that the growth rate is increased, while the crystalline quality remains

at high quality. All three are required for the development of SCD wafer 2 inches and above

in size. Additionally, those three areas are necessary for economic SCD wafer manufacturing

of at least 2 inch in size in a commercialized matter.

The goal of the dissertation is to develop technologies to enable the development of

two inch wafers and above and provide technologies for SCD manufacturing. The research

presented in this dissertation is studying and identifying suitable techniques. The individual

research tasks addressed in the dissertation are the following:

Task 1: Explore and establish wafer separation techniques. Specifically, investigate laser

cutting and ion implantation based Lift-Off techniques, that enable the manufacturing of

SCD wafers and evaluate the scalability of these techniques to large wafer area.
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Task 2: Identify uses of a cutting laser for the SCD shaping required for diamond substrate

engineering.

Task 3: Study SCD Lift-Off as alternative separation technique and evaluate the individual

process steps, i.e. use of different ions for implantation and different separation techniques.

Task 4: Demonstrate successful diamond plate Lift-Off of grown SCD material as a

loss-less and scalable separation technique.

Task 5: Extending the operational pressure for MPACVD SCD growth up to 400 Torr.

Reactor B [30] and a stable microwave power supply are used to demonstrate operation at

these high pressures.

Task6: Record the operational field map and absorbed power density in this new pressure

regime up to 400 Torr and compare them to previous results at lower pressure [30, 31].

Task 7: Characterize the grown SCD and verify its crystalline quality.

Task 8: Introduce video imaging as a new analytical tool to investigate the temporal

formation of pulsed microwave discharges.

Task9: Record the formation of microwave discharges and identify different ignition

behaviors due to varying pulsing parameters.

Task 10: Verify, that existing models of pulsed microwave discharges do not accurately

describe the ignition phase of the plasma discharge.

1.3 Dissertation outline

The dissertation consists of 9 chapters. Chapter 2 provides an overview of the necessary

background knowledge and a literature review of recent publications from the global diamond

community. The background covers the SCD growth chemistry and the microwave cavity
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plasma reactor. Different approaches of achieving large area SCD wafers are analyzed, using

homoepitaxy and heteroepitaxy. The literature reviewalso covers previous efforts on the

measurement of operational field maps, SCD synthesis using continuous wave and pulsed

excitation and on Lift-Off as SCD wafer separation technique utilizing ion implantation.

Chapter 3 contains a summary of the experimental details of the experimental systems

used in this dissertation, i.e. it described details on the geometry of Reactor B, its subsystems

and the pulsable microwave power supply. Additionally, it details analytical systems for

diamond analysis, the cutting laser used for diamond processing and the Van de Graff

accelerator. Etching setups for the Lift-Off technique are discussed as well.

SCD processing using a IR cutting laser is presented in chapter 4. It contains the

introduction of a three stage recycling process for reuse of SCD wafers and an in-depth quality

analysis of each individual step. Limitations of the procedure and the utilization of SCD

processing for different purposes, i.e. SCD shaping and manufacturing of CVD grown SCD

seeds, are discussed.

Chapter 5 introduces Lift-Off as an alternative SCD separation method utilizing ion

implantation for local graphitization, followed by selective etching. Monte Carlo simulations

have been performed. Different ions (H+, C+ and O+) have been used and three different

separation techniques have been studied (wetchemical and electrochemical etching, and

thermal oxidation).

Chapter 6 contains a description of the fundamental reactor behavior in a newly explored

pressure regime between 300 and 400 Torr. The methodologies of recording operational field

maps and calculating absorbed power densities at these high pressures are discussed and

performed. SCD growth is also demonstrated for pressures up to 400 Torr. The growth rate

and the film quality as a function of pressure and methane concentration is presented.
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Chapter 7 discusses the temporal formation of pulsed microwave discharges. First, the

video recording setup is introduced. Discharge formation under various pulsing conditions

are presented. Four different ignition patterns are identified.

Chapter 8 reports on preliminary experiments to further enhance the growth rate by (i)

using a pulsed plasma discharge and (ii) retuning the reactor geometry to move the discharge

closer to the SCD substrate. The chapter is finished with a table summarizing all SCD growth

experiments performed in this dissertation.

Chapter 9 summarizes the dissertation by providing an overview of the research accom-

plishments and by providing an outlook on future research, including preliminary results

based on the work in chapter 8 and a cost estimate for the fabrication of 1 inch SCD wafers

comparing 2.45 GHz and 915 MHz growth technology and a brief overview of large area SCD

HPHT processes.
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Chapter 2

Theoretical background and literature

review

2.1 Microwave plasma sources operating at high pres-

sures

The efficient formation and maintenance of high power density microwave plasma sources has

been demonstrated at pressures up to and above one atmosphere [32, 33]. In order to achieve

the required efficient microwave coupling over a wide range of pressures and input powers,

these plasma sources utilized internally tuned cavity applicator technologies [32, 33, 34], and

were first demonstrated in free radical sources [35] and gas reforming applications [36]. These

experiments clearly demonstrated that it was possible to efficiently create and maintain

high power density and high charge density microwave discharges in the 100 Torr to one

atmosphere regime. Thus, the use of microwave plasma sources at pressures that are greater

than several hundred Torr is not new.

In fact, microwave discharges have been used in the demonstration of microwave electro-

thermal thruster spacecraft propulsion concepts using He and H2 gases at pressures of up to
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an atmosphere [37], and more recently plasma assisted combustion at atmospheric pressures

[38]. These non-diamond microwave plasma source investigations support the intuitive idea

that it should be possible to extend the MPACVD diamond growth processes to operating

pressures that are as high as 400 Torr and even eventually to one atmosphere.

2.2 Diamond synthesis and reactor technology

2.2.1 SCD growth chemistry

The phase diagram of carbon is shown in Figure 2.1. Naturally occurring diamond is created

by a phase change from graphite to diamond due to sufficiently high temperatures and

pressures in the earths mantle. The same concept is mimicked when synthesizing diamond

using the high-pressure high-temperature approach (HPHT), which was first realized by Erik

Lundblad in February 1953 [39], but as the results were kept secret all fame was received

by the GE diamond team, when they published their individual success [40]. Today, HPHT

synthesis is commercialized by several companies such as Sumitomo or Element Six . The

CVD approach differs significantly from HPHT synthesis. It should not be possible to produce

diamond at sub atmospheric pressure in a purely thermal equilibrium process. Anyway, it is

possible to deposit diamond using a non-equilibrium plasma process [41, 42]. Thus, additional

reactions can occur during CVD SCD growth making the diamond phase preferable over the

formation of graphite.

SCD growth is carried out in a using hydrogen H2 and a hydrocarbon, usually methane CH4.

The discharge created by the microwave power input dissociates the molecular into atomic

hydrogen and various hydrocarbon radicals. The underlying gas chemistry is complicated,

containing 45 radicals and over 130 potential reactions [44]. Harris and Goodwin [45, 41]

9



Figure 2.1 Sketch of carbon phase diagram. Regions of metastability of diamond and graphite
are bounded by (dashed line) extensions of the melting curves of diamond and graphite,
respectively. Approximate regions for high-pressure, high-temperature (HPHT) and chemical
vapor deposition (CVD) synthesis of diamond are shown. [43].

proposed a simplified model utilizing only two gas species and five reactions to explain CVD

synthesis. Atomic hydrogen plays an important role in stabilizing the diamond phase as well

as etching any graphite formation [46]. Methyl radicals are widely accepted as carbon source.

Simulations and plasma spectroscopy show [CH3] as the main radical in vicinity to the seed

substrate [47, 48]. The initial step needed for diamond synthesis is the creation of activated

carbon sites on the diamond surface Cd
*. This is achieved by abstracting hydrogen from

the carbon on the diamond surface. The atomic hydrogen atoms [H] combine to molecular

hydrogen H2:

Cd − H + H
k1−→ C∗d + H2

The corresponding reaction rate of is k1. All reactions involved have their individual rates
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kx. It is possible that activated carbon sites are getting reoccupied by atomic hydrogen:

C∗d + H
k2−→ Cd − H

This is the reversal of the abstraction reaction. This reaction effectively slows the growth

process as activated sites are not getting occupied with additional carbon atoms . These

two reactions are generating and closing active sites required for diamond deposition. The

ratio of reactive sides is given by k1
k1+k2

. This ratio should be as high as possible to promote

diamond growth. The ratio depends only on the seed substrate temperature according to

Silva et al [49]. The abstraction reaction explains the important role of atomic hydrogen

for diamond growth [44]. The first actual growth step is when a CH3 radical bonds with an

active carbon site:

C∗d + CH3
k3−→ Cd − CH3

The reaction can be reversed due to thermal desorption:

Cd − CH3
k4−→ C∗d + CH3

If a CH3 radical is successfully bonded onto a carbon site eventually all 3 hydrogen atoms

will be consecutively removed and the carbon site reactivated:

Cd − CH3 + H
k5−→ Cd − CH∗2 + H2

Cd − CH∗2 + H
k6−→ Cd − Cd − H + H2
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A schematic illustration of the microscopic growth process for the {110} and {111}

crystallographic orientations is shown in Figure 2.2. These steps are repeated on a macroscopic

scale resulting in the bulk deposition of SCD material.

Figure 2.2 Examples of reaction sequences leading to the growth on the (a) {110} and (b)
{111} faces of diamond. The images are schematics of the atomic processes involved in each
reaction, and the text below them indicates the reactions (according to the labeling in Table 1
{of [50]} which occur between each atomic configuration. Dark grey circles are diamond, light
grey circles are C atoms in chemisorbed hydrocarbons, and white circles are H atoms. [50]

The growth rate for the {100} crystalline orientation can be derived using the simiplified

kinetic scheme as follows:

G{100} = k3
ns
nd

(
k1

k2 + k3

)
[CH3]s[H]s
k4
k5

+ [H]s
(2.1)

where [H]s and [CH3]s are the hydrogen and methyl concentrations at the surface [41]. ns

is the surface site density, which can be approximated with 2.61× 10−9 mol cm−1 for {100}

surfaces. nd is the molar density, which is 0.2939 mol cm−3 [41]. Goodwin [41] determined the

reaction rates based of experimental growth rates ranging from 0.1 to more than 7000 µm h−1.

He determined the growth rate G as a function of the [H]s and [CH3]s at the surface as

following:
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G{100} = 1.8× 1011
[CH3]s[H]s

5× 10-9 + [H]s
(2.2)

Additionally, Goodwin [41] studied the rate of defect generation. He found, that at a

constant temperature the defect fraction in the grown film Xdef behaves as following:

Xdef ∝
G

[H]2s
(2.3)

When substituting Equation (2.2) into Equation (2.3) the dependence of the defect density

becomes as follows:

Xdef ∝
[CH3]

[H]
(2.4)

Increasing the amount of [CH3] will result in a higher growth rate, but also in a higher

defect density. Nevertheless, this can be balanced if the amount of atomic hydrogen [H] is

increased simultaneously. Optimizing the growth conditions is crucial for high quality SCD

deposition with a reasonable growth rate. Goodwin [41] compiled the experimental data to

plot the process map in the [CH3]s and [H]s space. The solid lines represent equal growth

rates, while the dotted lines mark equal defect densities. Figure 2.3 shows Goodwin’s plot,

where Silva et al. [49] updated the the map with computed data points using a 1D model of

their LIMHP reactor. Their modeling results show that increasing the methane concentration

results in a higher growth rate. Additionally, the [CH3]s concentration increases while the

[H] concentration remains almost unchanged. This results in an increase of the defect density.

Increasing the pressure results in a higher growth rate as well due to an increased [CH3]s

concentration. At the same time, the atomic hydrogen concentration [H] increases more.
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Thus the defect density is decreasing with pressure, while the growth rate increases. That

illustrates why it is desirable to expand the existing growth window towards higher operating

pressures.

Figure 2.3 Process map in [CH3]s-[H]s space showing the operating ranges of the main CVD
diamond growth process (from [41]). The evolution of the operating point of the LIMHP
reactor as a function of the working pressure (from 50 to 300 mbar) and methane concentration
(from 1 to 8 %) has been added. [49]

2.2.2 The microwave cavity plasma reactor design

Diamond synthesis was carried out using a later version of the microwave cavity plasma

reactor (MCPR), which was initially developed at Michigan State University between 1975

and 1989 and commercialized by Wavemat/Norton for diamond growth between 1986 and

1995 [51]. After initial diamond growth was demonstrated at Norton/MSU, a new design

was introduced by Zhang [52, 53] and then by Kuo et al. [51]. This reactor technology

was used extensively by Norton in commercial applications from 1988 to 1999. The reactor
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design was scaled in size up by designing a 915 MHz system in 1992. Recently, the original

2.45 GHz design received two upgrades, Reactor A [54] and B [30], using the same cavity

configuration. The new design incorporated a variable length and reduced diameter cooling

stages. A schematic cross-sectional view of a generic MCPR and some of its subsystems,

which will be discussed in Section 3.1 can be seen in Figure 2.4.

Teflon Pieces
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Outer Conductor
Water Cooling

Finger Stock

Cavity Walls
Sliding Short

Quartz Dome
Plasma Discharge
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Cavity Bottom Surface
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O-Ring Seal
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Gas Outlet to Vacuum

Cooling Air Inlet
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Flow Pattern Regulator

Quartz Cylinder
Water Cooled Sample Stage
Stage Cooling Water Inlet

Stage Cooling Water Outlet

Figure 1.20 Schematic illustration of the modified high pressure MCPR CVD reactor. Adapted
from [49, 48].

performed in DS1.)

DS1 was used for many years in the high pressure configuration as described by Kuo

[49] until Rahul Ramamurti, a postdoctoral researcher at MSU, modified DS1 by adding

B2H6 diluted in H2 to the gas inputs [50, 51, 52]. The modified reactor gas flow path is the

present configuration of DS1. DS1 will be described in detail in Section 2.1. The initial

boron doping experiments performed on DS1 by Ramamurti et al. were doped polycrystalline

film depositions [50]. With the confirmation of boron incorporation in the polycrystalline

films, homoepitaxial growth of single crystal boron doped diamond was also subsequently

33

Figure 2.4 A cross-sectional view of a high pressure the MCPR including labeled details on
the actual design. [55]

The overall working principle utilized the formation of a standing electromagnetic wave

by tuning a 2.45 GHz microwave input inside a cylindrical resonance cavity. The microwaves

are coupled into the cavity through an antenna (the excitation probe). The reactor chamber

is separated from the cavity through a quartz bell jar. This dielectric window allows the

transmission of microwaves into the discharge region and helps to stabilize the discharge.

This region needs to be separated from the ambient enviornment and is part of the microwave

gas handling system.
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The position of the excitation probe inside the cavity Lp is variable. The cavity diameter

is fixed, but the cavity length of the Ls can be adjusted. Additionally, the substrate position

Zs is variable as well. The applicator can be tuned and matched by adjusting Lp and Ls in a

way that the electromagnetic excitation region is located above the substrate holder. The

microwave power is coupled into the gas through electron inelastic collisions, ionizes the gas

and creates a plasma discharge. The plasma discharge at typical process pressures (240 Torr)

is weakly ionized with degrees of ionization as low as 1× 10−6. The neutral gas temperatures

inside the plasma discharge are 2500 to 3500 K, depending on the process pressure [56]. The

reactor can be matched efficiently and coupling efficiencies up to 100 % can be achieved [57].

The original design, as computationally described by Tan et al. [58] was first introduced

by Zhang [53] and also used by Kuo et al. [51]. It utilized a 5 inch (127.0 mm) main holder

and a 4 inch (101.6 mm) substrate holder. The cavity diameter was 7 inch (17.78 cm). The

plasma discharge utilized a TM013 single mode excitation. Zhang [53] operated the reactor

using a floating stage at pressures from 20 up to 95 Torr.

That design was consecutively upgraded by Zuo et al. [54] who reduced the diameter of

the main holder to 4 inch (101.6 mm) and the substrate holder to 3 inch (76.2 mm). Plasma

excitation was still achieved by a TM013 mode with proper retuning of the cavity variables

Lp and Ls. The reduced holder dimensions led to a more confined plasma discharge and

higher absorbed microwave power densities.

The traditional design of the MCPR received another upgrade, Reactor B, which was

introduced by Hemawan et al. [30]. In this design, the main holder dimensions were reduced to

2.5 inch (63.5 mm) and the substrate holder was decreased to 1.5 inch (38.5 mm). Additionally,

the cooling stage position was made length-adjustable. This new design incorporated four

mechanically tunable geometrical varibles that allowed the internal reactor geometry to be
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varied in situ enabling the reactor to be adaptable to a variety of process conditions while

still achieving high microwave coupling efficiencies. This reactor utilized a hybrid TM013

+ TEM001 mode for plasma excitation. Schematic cross-sections of Reactor A and B were

shown in Figure 2.5.

Figure 2.5 Schematic cross-sectional view of the discharge region in the chamber and the
cavity for the (a) second generation (Type A) and (b) third generation (Type B) reactor
technology. [30]

2.3 Previous operational field maps using the microwave

cavity plasma reactor

The operational field map concept was first applied by Zhang and Asmussen [53].

Zuo et al. [54] recorded the operational field map for Reactor A between 60 and 160 Torr

and results were shown in Figure 2.6 [54]. Significant absorbed power levels, as high as 3 kW

were necessary due to low absorbed power densities [59].
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is addressed. Specifically, the substrate holder is designed to
compensate for this radial gradient by removing more heat at the
center of the substrate as compared to the edge.

Silicon wafers with nominal diameters of 50 mm and 75 mm
and thickness of 1 mm are used as the deposition substrates for
this study. The silicon wafers are nucleation seeded by mech-
anically polishing using natural diamond powder of size
≤0.25 μm and then cleaned until they appear clean to the
human eye. The reactor pressure utilized for this report was in the
range 60–180 Torr and the utilized output of the microwave
power was in the range 2–4.5 kW. Reflected power is on the order
of 10–20% of the incident power, so the absorbed microwave
power ranges from approximately 1.6–3.6 kW. The hydrogen
flow rate was fixed at 400 sccm and the methane flow was varied
in the range of 4–8 sccm. The argon flow ratewas either 200 sccm
or zero. The substrate temperature was monitored by a one-color
pyrometer with the emissivity set to 0.6. This emissivity value
was based on the measured emissivity of the silicon and diamond
substrate combination as well as light transmission loss of the
fused silica bell jar [6].

3. Reactor operation

Fig. 2 shows substrate temperature as a function of pressure
and microwave power in a plasma with gas flows of 400 sccm
hydrogen and 4 sccm methane. In addition, the dotted-line
parallelogram provides useful information concerning the
approximate operation range of the reactor for coverage of a
75 mm diameter deposition substrate. For a given pressure, the
minimum operational power, i.e. the left hand side of the
parallelogram, is determined by the power required to generate
a plasma of sufficient size to cover the substrate. The maximum
power limitation, i.e. the right hand side of the parallelogram, is
determined by the power at which the plasma size becomes
large enough to approach the walls of the bell jar. Thus, at a
pressure of 100 Torr for example, the minimum power (to cover
the substrate) is 1.75 kWand the maximum power (to avoid bell
jar contact) is 2.75 kW. One also observes that at 100 Torr the
center temperature increases with power from 705 °C at the
minimum power to 845 °C at the maximum power. The vertical
bars associated with the data points in Fig. 2 represent the
minimum/maximum temperature variation across a 75 mm

diameter silicon substrate for a fixed substrate holder config-
uration. As pressure increases, the center temperature increases
and the temperature variation across the substrate also increases.

The operation map of Fig. 2 shows that although substrate
temperature is influenced by pressure and power, it is most
strongly influenced by pressure. It also shows that at a given
microwave power the plasma size becomes smaller as pressure
is increased. Lower pressures are desirable to provide uniform
coverage of large substrates because the plasma size is larger for
lower pressures. Conversely, higher pressures are desirable to
achieve the substrate temperatures required for high deposition
rate and also to increase deposition rate related constituents in
the plasma. These two facts present opposing criteria in terms of
selecting the plasma pressure. One may expect to solve the
dilemma by applying sufficient microwave power to increase
both plasma size and substrate temperature. However, such an
approach had an undesirable effect on film uniformity in this
study since it was observed that the temperature variation across
the substrate increased with the combination of high power and
high pressure.

Therefore, the addition of a non-molecular gas to increase the
plasma size was investigated. Fig. 3 shows substrate temperature
as a function of pressure and microwave power with 200 sccm
argon flow added to the 400 sccm hydrogen and 4 sccmmethane
flow. Now, at a pressure of 100 Torr, the minimum power (to
cover the substrate) is 1.65 kW and the maximum power (to
avoid bell jar contact) is 2.50 kW. At 100 Torr, the center
temperature increases with power from 740 °C to 882 °C. The
same substrate holder configuration was used for Figs. 2 and 3.
The effect of argon is to increase the plasma size at a given
pressure and power and also to increase the substrate tempe-
rature for a given pressure and power. Thus, less power per unit
plasma volume, i.e. less plasma power-density, is needed with
argon to achieve a given substrate temperature. One may pos-
tulate that less energy is lost to the cavity walls with the addition
of argon, as the thermal conductivity of argon is substantially
less than the thermal conductivity of hydrogen. Moreover, the
temperature across the substrate is more uniform for a given
plasma size and substrate temperature as documented in Table 1.
For a given temperature at the substrate center, the addition of

Fig. 2. Substrate center temperature vs. pressure and absorbed microwave power
for the deposition plasma without argon. The vertical bars represent the mini-
mum/maximum variation of temperature across a 75 mm diameter wafer.

Fig. 3. Substrate center temperature vs. pressure and absorbed microwave power
for the deposition plasma with argon. The vertical bars represent the minimum/
maximum variation of temperature across a 75 mm diameter wafer. The same
substrate holder was used for Figs. 2 and 3.
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Figure 2.6 Substrate temperature vs. pressure and absorbed microwave power for the
deposition plasma without argon. The vertical bars represent the minimum/maximum
variation of temperature across a 75 mm diamond wafer. [54]

Hemawan et al. [30] recorded the operational field map for Reactor B and expanded the

regime for diamond synthesis to 240 Torr. The results were shown in Figure 2.7 [30]. Efficient

reactor operation was observed over the pressure regime and absorbed power densities as high

as 450 W cm−3 were recorded. An absorbed power level of 2.3 kW was required to achieve a

substrate temperature of around 1080 ◦C at 160 Torr, while around 3 kW were needed with

Reactor A [54].

Lu et al. [31] expanded the pressure regime to 300 Torr and introduced SCD synthesis

using reactor B. Additionally, an efficient and safe regime of operation was defined as shown

in Figure 2.8 [31]. Operation outside of that regime towards lower substrate temperatures

did not yield high quality SCD and operation at those low substrate temperatures was

undesirable. Applying too much power did not further enhance the substrate temperature

by much. Almost all of the excessive power was going into heating of the reactor walls and

increased the likelihood of reactor failure. High pressure growth of SCD in reactor B was

demonstrated.

Nad et al. [57] shifted the focus from redeveloping the reactor design into evaluating the
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deposition region shown in Fig. 3, each curve can be modified by
adjusting the coaxial cavity section of the applicator. When this is
done, the electromagnetic focus is altered around the z=0 region and
the substrate also is moved changing its axial position from above to
the below the z=0 plane. As the substrate position changes the
position, size, shape and power density of the microwave discharge
are also varied in a complex nonlinear fashion.

In particular, Figs. 4 and 5 display the variations of discharge
power density and substrate temperature versus pressure as the
substrate position is varied from above to below the z=0 plane, i.e. Zs
varies from +4.9 mm to −4.8 mm. These curves demonstrate that at
a constant pressure, the substrate temperature can vary more than
300 °C and the associated plasma power density at 240 Torr also
changes dramatically. For example as shown in Fig. 5, at 240 Torr as
the substrate position is varied from +4.9 mm to −4.8 mm, the
substrate temperature changes from 875 °C to 1175 °C. The substrate
temperature increases as the substrate is lowered below the z=0
plane. The associated discharge power densities, which are shown in
Fig. 4, vary from about 225 W/cm3 at Zs=+4.9 mm to 475 W/cm3 at
Zs=−4.8 mm. These experiments clearly demonstrate the ability to
alter the substrate temperature and the discharge position and power
density as the coaxial waveguide length is changed. As the substrate
position is lowered from a position above to a position below the z=0
plane the discharge position with respect to the substrate changes,
the discharge volume decreases, the power density increases and the
discharge becomes more intense, and the substrate temperature
increases.

3.3. Reactor process optimization

At each operating pressure diamond synthesis was optimized by
length tuning the coaxial section, i.e. a set of separate eight-hour
deposition experiments were performed that explored the deposition
rate and substrate temperature variation versus substrate position Zs.
An example of such an optimization process is displayed in Fig. 6. In
these experiments the pressure andmethane concentrationwere held
constant at 220 Torr and 3%, respectively. L1 was also held constant
while L2 was varied in five steps as the substrate position varied from
+4.9 mm to −4.9 mm. For each of the experimental data points
presented in the figure, the discharge size was slightly adjusted by
varying the input power a small amount around 2.4 kW to achieve
uniform deposition. A uniform temperature distribution over the
wafer was achieved by adjusting the reactor so that the plasma
hovered around and remained in good contact with the substrate.

As shown in Fig. 6(b) very small adjustments of L2 had an
important influence on the deposition rates. By varying the substrate
position a fewmillimeters from+4.8 mm to−3.2 mm the deposition
rate varied from 5.4 to 9.5 μm/h. A further change in substrate position
to Zs=−4.9 mm decreased the deposition rate. In this case, the
substrate temperature also decreased since the discharge began to
separate from the substrate. These experiments demonstrate the need
at the higher pressures to vary the coaxial cavity dimensions to
achieve optimum, i.e. uniform and high deposition rate, diamond
synthesis. These experimental results also support the results of
recent plasma modeling [21,22] investigations which indicate that as
pressure increases important deposition species concentrations vary
considerably within millimeter or less distance and thus suggest that
the positioning of the discharge is important in order to obtain
optimum synthesis. Thus the reactor tuning adjustments are very
useful in order to control and optimize the deposition process.

4. Diamond synthesis results

4.1. Diamond growth rates, morphology and uniformity

A group of experimental deposition runs were performed on one-
inch silicon wafers as the pressure was varied from 180 Torr to
240 Torr and methane concentrations were varied from 2% to 5%.
Input power levels were changed from 2.1 kW at about 180 Torr to
2.5 kW at 240 Torr as pressure and methane concentrations were
varied. For each of these measurements the reactor lengths were
adjusted, as indicated in Section 3.3, to yield optimum deposition
rates. The growth rates, which are displayed in Fig. 7, increased as the

Fig. 3. The operating roadmap of the improved plasma reactor showing the substrate
temperature versus absorbed microwave power at various operating pressures.
Ls=20.5 cm, Lp=3.5 cm, L2=6.13 cm, H2=400 sccm, CH4=3%, and Zs=−0.31 cm.

Fig. 4. The absorbed plasma power density with increasing pressure of the modified
reactor at various Zs positions.

Fig. 5. Substrate temperature with different substrate positions, Zs versus operating
pressures.

1449K.W. Hemawan et al. / Diamond & Related Materials 19 (2010) 1446–1452

Figure 2.7 The operating roadmap of the improved plasma reactor showing the substrate
temperature versus absorbed power at various operating pressures. Ls = 20.5 cm, Lp =
3.5 cm, L2 = 6.13 cm, H2 = 400 sccm, CH4 = 3 % and Z2 = −0.31 cm. [30]

If the discharge were to entirely fill the space between the sub-
strate and the quartz walls (this data is not shown in Fig. 6) the dis-
charge power density would then begin to increase versus any
additional increases in input power. This is an undesirable operating
condition because if the discharge touches the reactor walls the

diamond synthesis process itself is altered due to wall reactions,
and as the reactor walls heat up they become an additional thin film
deposition surface. At these higher input power levels the quartz
walls can even erode thereby contaminating the synthesis process.
Additionally, depending on the level of the input power, the discharge

0.5 1.0 1.5 2.0 2.5

300

400

500

600

700

800

900

P
ow

er
 D

en
si

ty
 (

W
/c

m
3 )

S
ub

st
ra

te
 T

em
pe

ra
tu

re
 (

C
)

Absorbed Power (kW)

180 Torr
120 Torr
100 Torr
80 Torr
60 Torr

0

100

200

300

400

500

600

700

800

900

1000

Fig. 6. Operating field map and the corresponding power density curves for Reactor B. Experimental conditions: ft = 412 sccm, and CH4/H2 = 3%, Zs = −5.7 mm.

1.0 1.5 2.0 2.5 3.0

500

600

700

800

900

1000

1100

S
ub

st
ra

te
 T

em
pe

ra
tu

re
 (

C
)

Absorbed Power (kW)

240 Torr

180 Torr

120 Torr

100 Torr

80 Torr

60 Torr

Efficient and safe
experimental
processing regime

Fig. 7. Operating field map curves and the identification of the efficient and safe experimental diamond synthesis regime for Reactor B. Experimental conditions: ft = 412 sccm, and
CH4/H2 = 3%, Zs = −5.7 mm.

23J. Lu et al. / Diamond & Related Materials 37 (2013) 17–28

Figure 2.8 Operating field map curves and the identification of the efficient and safe experi-
mental diamond synthesis regime for the Reactor B. Experimental conditions: ft = 412 sccm,
and CH4/H2 = 3 %, Zs = −5.7 mm. [31]

efficiency of the current operation of reactor B. Variations of the coupling efficiency, which

is defined as the amount of power reflected, were studied by changing the reactor geometry.

Figure 2.9 demonstrated two things: (1) The reactor had one well-matched position, where

almost all input power was utilized in the discharge region. Variation of Ls changed the
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length of the cylindrical resonance and hence detuned the configuration. Changes as little

as 2 mm were sufficient so that 25 % of overall power was reflected. (2) The resonance body

length Ls depended on the position of the sample holder zs. Negative values of zs meant,

that the sample holder moved deeper into the reactor and pulled the discharge down to some

extent as well. This was compensated by reducing Ls. Additionally, it was shown, that zs

around −8 mm was the optimal configuration eliminating virtually all reflected power.

074701-7 Nad, Gu, and Asmussen Rev. Sci. Instrum. 86, 074701 (2015)

FIG. 7. Smith chart showing (1) a circle in red which represents a power reflection coe�cient radius R= 0.1 and (2) a green circle which represents a power
reflection coe�cient radius of 0.01.

and substrate temperature. The relationship between these
variables is nonlinear and given a specific reactor geometry it
can be described by a set of experimental curves identified as
the reactor operating field maps29,50 which, at a given pressure,
relates Ts to the input power and pressure. Figure 9 displays
one such experimentally measured operating reactor map for
a constant pressure of 180 Torr. This curve was measured by
holding the input variables such as p, zs, %CH4/H2, and Ls

FIG. 8. Pref/Pinc vs. Ls for di↵erent zs positions at a constant incident
microwave power of 2.2 kW, operating pressure 180 Torr, and 3% CH4/H2.

constant and as the input power was varied in 100 W steps from
1.2 kW to 2.5 kW, while recording Pref and Ts. As input power
increases from 1.2 kW to 2.4 kW, the substrate temperature
increases from 700 to 1050 �C. The photograph insets in Figure
9 display some examples of the discharge hovering directly
over the 1 inch silicon substrate for di↵erent power levels. The

FIG. 9. Operating field map and matching, i.e., Pref/Pinc and ⌘ vs. Pabs, for
a constant pressure of 180 Torr. All other experimental input conditions are
held constant, such as 2.54 cm diameter silicon substrates, L1= 52.93 mm,
L2= 61.1 mm, zs=�8.17 mm, %CH4/H2= 3%, and ft= 412 sccm. Ls and Lp
are also held constant at 21.55 cm and 3.65 cm, respectively. The photograph
insets display examples of the discharge size as the input power varies from
minimum to maximum input power.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
35.9.146.185 On: Mon, 17 Aug 2015 17:48:51

Figure 2.9 Pref/Pinc vs. Ls for different zs positions at a constant incident microwave power
of 2.2 kW, operating pressure 180 Torr, and 3 % CH4/H2. [57]

Another interesting insight on the operational field map behavior was found by Nad et

al. [57] when combining the substrate temperature with the coupling efficiency, as shown in

Figure 2.10. It can be seen that the power regime for well-matched operation increased with

pressure, i.e. higher levels were required to operate the reactor efficiently at higher pressures.
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cut edge at the top left corner of each photograph is due to the
shape of the viewing window.

The input power increases from 1.4 kW–2.0 kW to 2.4 kW
and the discharge size increases from a size that is smaller than
the substrate area to a more optimum plasma assisted diamond
synthesis size to a discharge size that is much greater than the
substrate area (Figure 9). The lower green line intersecting the
field map in Figure 9 at about 1.6 kW defines the lower useful
input power limit below which the diamond synthesis is non-
uniform over the substrate.

If the input power is increased beyond the upper green line
shown in Figure 9, then the additional power is not needed and
hence the diamond synthesis process becomes ine�cient. This
discharge behavior has been reported in Ref. 27 and in Figure
5 of Ref. 29. The safe and e�cient diamond synthesis regime
for diamond synthesis29 is identified in Figure 9 as the operat-
ing regime that lies between the upper and lower green lines
intersecting the operating field map. Uniform, low loss PCD
synthesis27,51 and high rate, high quality SCD synthesis28,29

have been achieved when operating in this region.
Also shown in Figure 9 are the corresponding measure-

ments of Pref/Pinc and ⌘. The Pref/Pinc data in Figure 9 were
taken for a fixed Ls of 21.55 cm and indicate that ⌘ is close to
or greater than 99% as the input power is varied from 1.6 kW
to 2.4 kW. Thus, when the reactor operates within the good
diamond synthesis regime, as specified by the limits on the
operating field map, then the magnitude of R lies within the
green circle shown in Figure 7.

Only when operating below 1.5 kW and above 2.4 kW
does Pref start to increase and then the coupling e�ciency
becomes less than 98%. However, even then R still lies within
an acceptable well matched condition. Therefore, once the
reactor is matched at 180 Torr, the microwave coupling e�-
ciency remains excellent as the input power varies from 1.5
to 2.4 kW. This implies that the diamond synthesis conditions
such as temperature can be varied by varying the input power,
as is shown in Figure 9, within the safe and useful diamond
synthesis regime without degrading the microwave coupling
e�ciency.

The experimental matching techniques that are presented
in this section for a pressure of 180 Torr can be employed for
any constant operating pressure. A separate unique operating
field map was measured for each constant operating pressure.
These curves were then combined into the resulting family
of curves shown in Figure 10. Note that even though the
reactor has only been optimized and matched at 180 Torr, the
reactor remains in a well matched condition over the entire
100–260 Torr operating regime. All coupling e�ciencies are
>90%. Thus, once the reactor has been matched at 180 Torr,
little reactor tuning is required as the reactor is varied over this
large pressure/input power regime.

VII. PLACING LIMITS ON INPUT POWER

The experimental data presented in Sec. VI indicate that
when operating within the input power range of 1.5–2.5 kW,
⌘ > 90%. In fact, ⌘ appears to improve as Pinc is increased
(Figure 6). This suggests that diamond synthesis rates at a
given constant pressure may be even further increased with

FIG. 10. Operating field maps and matching, i.e., Pref/Pinc, versus absorbed
power for three constant pressure conditions: 120, 180, and 240 Torr. All
other experimental variables are constant.52

additional increases in the input power. However, there are, at
any given pressure, reasons to place limits on the input power.

First, when operating at a constant pressure if the input
power increases, the discharge size increases and the absorbed
discharge power density remains approximately constant or
only slightly increases.29 Thus, as power is increased, the
discharge surface area in contact with the substrate holder
expands beyond what is needed for the radical species to cover
the substrate surface and thereby produce uniform deposi-
tion. This can be seen pictorially in Figure 9 and can also
be observed in Figures 5–7 in Ref. 29. When this happens,
diamond deposition also occurs on the molybdenum holder
and thus an important amount of the input power is wasted.
Therefore, there is a value of input power beyond which the
synthesis process becomes less and less electrically e�cient,
i.e., carat/KW-h decreases. As indicated in Figure 9 by the
upper green line, in a given application and at a given pressure,
the input power should be limited to produce a discharge that
just covers the substrate. Beyond this input power value, any
additional power input just increases the discharge size, and
often an additional increase in input power even reduces the
overall deposition e�ciency.

An even further increase in input power (brown dashed
line in Figure 10) will increase the size of the discharge until it
starts interacting with the reactor walls (Figure 10(a)). These
plasma wall interactions are either with the quartz dome walls
or for other reactor designs the discharge could also interact
with the metal reactor walls. These microwave plasma wall
interactions may lead to the formation of undesirable hot spots
(Figure 10(b))53 and microwave plasmoids (Figure 10(a))54

and hence process contamination. Wall interactions may be
reduced via wall cooling as is usually done for metal reactor
walls.

The cooling of metal walls will e�ciently remove the heat
from the discharge and will reduce the plasma wall material
removal interactions. However, this is a counter-productive
process since a hot discharge more e�ciently produces the
desired radical species. The removal of heat from the discharge
via wall cooling requires additional input power to maintain
the discharge temperature. Thus, the addition of more and
more input power and the need for additional cooling result
in an ine�cient process.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP:
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Figure 2.10 Operating field maps and matching, i.e. Pref/Pinc, versus absorbed power for
three constant pressure conditions: 120, 180 and 240 Torr. All other experimental variables
are constant. [57]

2.4 SCD synthesis using continuous wave microwave dis-

charges

Ongoing studies of SCD synthesis are carried out by numerous research groups. A summary

of their recent advancements since 2012 can be found in the following subsections. For a

detailed literature review of previous work, the reader is referred to the PhD thesis by Jing

Lu [60].

2.4.1 Fraunhofer IAF, Germany

Widmann et al. [61] recently utilized an ellipsoidal reactor [62, 63], which operated in a

TM036 mode, for SCD growth. The electromagnetic field distribution is shown in Figure 2.11.

Figure 2.12 showed a schematic of the discharge region and Figure 2.13 shows a more

detailed illustration of their heated substrate holder. Two different molybdenum holders with

diameters of approximately 20 and 40 mm were used. The second one is slightly larger than

for the type B MCPR (38.5 mm).
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Figure 11. Illustration of the design principle for the ASTEX reactor using a TM013 resonant mode (left panel). The coupling is provided by
an antenna and the dielectric window is a quartz plate located approximately at the cavity mid-plane [17] (central panel). In the rightmost
panel, we present modelling of a 200 mbar H2 plasma.

Figure 12. Illustration of the design for the second-generation ASTEX reactor [14], which makes use of a non-cylindrical resonant cavity.
The main cavity mode is TM011 (central lobes, shown by the blue dashes in the centre of the left panel), as imposed by the central cylindrical
component. Note also the secondary radial field maxima (side lobes, indicated by red dashes), typical of a TM021 mode (cf figure 6). In the
right panel, we show modelling of a 200 mbar H2 plasma.

Figure 13. Illustration of the AIXTRON reactor design exploiting an ellipsoidal resonant cavity [24, 25]. The electric field structure in this
cavity shows two very pronounced maxima at the two ellipsoid’s foci, corresponding to the power coupling and plasma ignition locations,
respectively. In the rightmost panel, we show modelling of a 200 mbar H2 plasma.

9

Figure 2.11 Illustration of the AIXTRON reactor design exploiting an ellipsoidal resonant
cavity. The electric field structure in this cavity shows two very pronounced maxima at
the two ellipsoid’s foci, corresponding to the power coupling and plasma ignition locations,
respectively. In the rightmost panel, we show modelling of a 200 mbar H2 plasma. [63]

and the scattered light is collected through the objectivewhile the exci-
tation wavelength is filtered out. After passing a variable slit, the
inelastically scattered light is split by a diffraction grating into compo-
nent wavelengths onto a 1024 pixel CCD detector. The detected
Raman spectra are forwarded to a workstation for further processing.

3. Results and discussion

3.1. Influence of the pretreatment

As already reported by M. Wolfer [4], experiments for the pretreat-
ment of the polished substrates were performed. By comparing

polished and etched surfaces, it is clearly observable that polishing
grooves are deleted by surface etching (see Figs. 2 and 3).

3.2. Influence of the pressure

The samples were grown in an ellipsoidal plasma reactor, seen in
Fig. 1. This image depicts how the samples are placed on the molyb-
denum holder of Fig. 5. Experiments at different pressures were per-
formed and evaluated. The results clearly show that increased
pressure leads to higher growth rates as shown in Fig. 4.

In order to evaluate the crystal quality, the crystal morphology with
the generated crystal faces is important. R. Issaoui et al. [5] have

Fig. 1. Sketch of the microwave plasma enhanced chemical vapor deposition chamber with low cooling set up underneath the molybdenum holder.

Fig. 2. AFM measurement of a (100) oriented polished diamond surface before pretreatment [4].

Fig. 3. AFM measurement of a (100) oriented polished diamond surface after H2/O2 pretreatment after 5 min [4].

2 C.J. Widmann et al. / Diamond & Related Materials 64 (2016) 1–7

Figure 2.12 Sketch of the microwave plasma enhanced chemical vapor deposition chamber
with low cooling set up underneath the molybdenum holder. [61]

SCD deposition was carried out for pressures between 262.5 and 300 Torr in a gas mixture

containing 10 sccm CH4 and 290 sccm H2 and no nitrogen addition. This corresponds to

3.45 % CH4 in H2. The reactor was equipped with a 6 kW power supply and up to 3.0 kW

of power was used for these deposition experiments. Each deposition run was carried out

over 50 hours. Substrate temperatures were measured using a stationary one-color pyrometer

Maurer KTR1075-2. It was not reported on how the substrate temperature was kept constant
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value of the internal stress can be calculated with the value of
the peak shift by the following formula [9]:

P ¼ 0:34 " GPa
cm#1 " n# 1331:8 cm#1! "

were n is themeasured Raman frequency. Therefore the shifts of the
Raman peaks are attributed to tensile and compressive stress with re-
spective values of −0.51 GPa and 0.1 GPa. The smallest stress values
with −0.03 GPa were obtained at a pressure of 350 mbar (sample S2
in Fig. 9). Furthermore a quite large full width half maximum
(FWHM) of 4.5 cm−1 to 5.1 cm−1 indicates anisotropic stress [9].

3.3. Influence of the temperature

For the determination of the influence of temperature on the
value of the α parameter, a new sample holder was designed. It
has a molybdenum pivot in the middle, were the sample is placed,
attached to an external heating system (Fig. 10). Therefore the
temperature is independent of applied pressure and microwave
power.

Forα parameters between 1 and 1.5, twinning on (100) surfaces
is likely [10]. As seen in Fig. 11, an increase in temperature induces
lower alpha parameter values.

For temperatures above 840 °C this value stays between 1 and 1.5.
Furthermore it can be seen in Fig. 11, that the dependency of α on the
temperature is similar for different pressures and holder geometries.
All samples, grown at a temperature larger than 840 °C in the holder

Fig. 8. Microscopy images of sample S1(a), S2 (b) and S3 (c).

Fig. 9. Raman peak position in dependence of the pressure. The grown layerswere around
300 μm thick.

Fig. 10. Schematic image of the new holder design. The sample is placed on a pivot in the
middle of the high holder which can be additionally heated.

Fig. 11. Dependency of the α parameter on the deposition temperature. The temperature
is varied by an external heater. The pressure is 350mbar and 400mbar for different holder
types. The microwave power is 3 kW for the high holder in Figs. 10 and 6 kW for the flat
holder in Fig. 13.
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Figure 2.13 Schematic image of the new holder design. The sample is placed on a pivot in
the middle of the high holder which can be additionally heated. [61]

versus time during an individual deposition run.

A linear increase of the SCD growth rate with increasing pressure was verified as shown

in Figure 2.14. While this was consistent with previous reports using different reactor types

[31] [46] it is worth noting that the growth rates reported by Widmann et al. [61] were

significantly smaller than reported elsewhere, i.e. the reported growth rate for 262.5 Torr was

around 2.3 µm h−1 and increased to around 6.7 µm h−1, while Lu et al. [31] achieved growth

rates between 26 and 28 µm h−1 at 240 Torr, but used a higher methane concentration of 5 %.

While SCD synthesis was demonstrated, it has to be mentioned that the process control

was not described in detail and it seems that the process was not closely controlled versus

time. A selection of their grown films is shown in Figure 2.15. The SCD surface area of

S2 (b) was reduced, which can be contributed to excessive PCD formation on the substrate

holder. Additionally, the entire top right corner of the film S3 (c) was missing and it broke off

along the {111} direction indicating large amounts of internal film stress. Only sample S1(a)

appeared to be of good quality, but it needs to be mentioned that the overall film thickness

was only around 115 µm.
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reported that the presence of (110) crystal faces at the edges gives rise
to internal stress. Therefore, the crystal morphology of the samples,
showing cracks, was examined.

The key parameters for the homoepitaxial growth are theα and β
parameters. They are calculated with the following formulas,
providing the displacement speed in the [100, 110] crystallographic
direction [6]:

α ¼
ffiffiffi
3

p V100

V111

" #

β ¼
ffiffiffi
2

p V100

V110

" #
:

The variables V100, V111 and V110 are the growth rates in [100,
111, 110] direction, respectively. It has been shown by F. Silva
et al. [6], that for the {100}{111}{110} system, the growth of the
different orientations, and therefore the crystal morphology can
be controlled with those parameters as seen in the morphology
diagram of Fig. 6 [7].

It was seen that the pressure has no significant influence on the α
and β parameters as seen in Fig. 7.

For sample S1 (Fig. 8a) the angles of the faces at the edges and the
corner, relative to the (100) crystal surface were measured to be
approximately 90° and 54° which correspond to {010} faces on
the crystal edges and {111} faces at the corners of the grown crystal
[6,8]. The α and β parameters for this sample are 2.3 and 1.5, respec-
tively. Therefore the diagram in Fig. 6 indicates that there are (100),
(111) and (110) crystal faces present which is consistent with the
appearance of the crystal. For sample S3, the α and β parameters
are 2.6 and 1.7. The crystal shows no twins at the (100) surface and
the measured angle of the face at the crystal edge and corner in cor-
respondence to the (100) crystal surface is 45° and 55°, respectively.
These faces are known as the (110) and the (111) crystallographic
direction.

As all the crystals have (110) faces in proximity to (100)
faces, the cracks are attributed to internal stress in the grown
layers [5]. The Raman measurements of all the samples show a
small shift of the diamond peak position as seen in Fig. 9. The

Fig. 4. Dependence of growth rate on the pressure. For all experiments the microwave
power is 3 kW and the methane concentration is 3%. The average temperature of all
experiments is 760 °C.

Fig. 5. Molybdenum holder with diamond sample on top during chemical vapor
deposition.

Fig. 6.Morphology diagram for a crystal with {100}, {111} and {110} faces. Redrawn from
Silva et al. [6].

Fig. 7.Alpha and beta parameter values in dependence of the pressure (microwave power
3 kW).
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Figure 2.14 Dependence of growth rate on the pressure. For all experiments the microwave
power is 3 kW and the methane concentration is 3 %. The average temperature of all
experiments is 760 ◦C. [61]

value of the internal stress can be calculated with the value of
the peak shift by the following formula [9]:

P ¼ 0:34 " GPa
cm#1 " n# 1331:8 cm#1! "

were n is themeasured Raman frequency. Therefore the shifts of the
Raman peaks are attributed to tensile and compressive stress with re-
spective values of −0.51 GPa and 0.1 GPa. The smallest stress values
with −0.03 GPa were obtained at a pressure of 350 mbar (sample S2
in Fig. 9). Furthermore a quite large full width half maximum
(FWHM) of 4.5 cm−1 to 5.1 cm−1 indicates anisotropic stress [9].

3.3. Influence of the temperature

For the determination of the influence of temperature on the
value of the α parameter, a new sample holder was designed. It
has a molybdenum pivot in the middle, were the sample is placed,
attached to an external heating system (Fig. 10). Therefore the
temperature is independent of applied pressure and microwave
power.

Forα parameters between 1 and 1.5, twinning on (100) surfaces
is likely [10]. As seen in Fig. 11, an increase in temperature induces
lower alpha parameter values.

For temperatures above 840 °C this value stays between 1 and 1.5.
Furthermore it can be seen in Fig. 11, that the dependency of α on the
temperature is similar for different pressures and holder geometries.
All samples, grown at a temperature larger than 840 °C in the holder

Fig. 8. Microscopy images of sample S1(a), S2 (b) and S3 (c).

Fig. 9. Raman peak position in dependence of the pressure. The grown layerswere around
300 μm thick.

Fig. 10. Schematic image of the new holder design. The sample is placed on a pivot in the
middle of the high holder which can be additionally heated.

Fig. 11. Dependency of the α parameter on the deposition temperature. The temperature
is varied by an external heater. The pressure is 350mbar and 400mbar for different holder
types. The microwave power is 3 kW for the high holder in Figs. 10 and 6 kW for the flat
holder in Fig. 13.
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Figure 2.15 Microscopy images of samples S1 (a), S2 (b) and S3 (c). [61]

2.4.2 Carnegie Institute of Washington, Geophysical Laboratory,

USA

The diamond efforts of Carnegie Institute of Washington was initially started by Liang, Vohra

and Hemley [64, 65]. In more recent years, their research focus was to grow high quality bulk

diamond in order to process them into larger brilliant cut anvils. Then, the brilliants were

used as anvils for high pressure high temperature earth science experiments.

The last notable publication on SCD synthesis was published by Meng et al. [66]. They

reported on the quality of a 13.5 carat SCD diamond block (8.5 mm× 8.5 mm× 5.2 mm in
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dimensions), which was subsequently processed into a 2.3 carat brilliant cut diamond anvil.

The reported diamond growth pressure range was between 100 and 200 Torr and the reported

range of methane concentration was given as between 8 and 22 %, though it can be assumed

that the actual deposition conditions were at the lower end of methane concentration. The

reported growth rates were around 50 µm h−1.

Figure 2.16 (A) shows the 13.5 carat dimond block and the consecutive processing steps

(cleaving (B) and polishing (C). Figure 2.16 (A) shows, that substantial amount of PCD

growth occured around the edge of the crystal. It is mentioned, that the crystal is of high

quality and no growth steps for the individual deposition runs were visible. A fair amount of

residual nitrogen was detectable based on UV/Vis absorption spectra spectroscopy.

produced only with low CH4 (<1%); as a result diamond
growth rates were <!1mm/h. These very low growth rates
limited the potential applications of CVD diamond.
Subsequent developments in microwave plasma (MP)
assisted CVD diamond synthesis changed the prospects for
large-scale single crystal diamond growth [3, 6–12].
MPCVD techniques have been developed to produce large
single crystal diamond at very high growth rates (up to
200mm/h) [3]. Single crystals above 12mm thickness (or 10
carats in size) and having a variety of optical andmechanical
properties have been fabricated [3, 13–16]. These CVD
single crystal diamond materials have been characterized by
synchrotron infrared spectroscopy [17], rocking curve
mapping and X-ray topography, ultrasonic interferometry,
ion and electron probemeasurements, electron paramagnetic
resonance [18], and transmission electron microscopy [19].
These measurements establish that the high-growth rate
material can be produced with low-impurity content (type
IIa) and low mosaicity, and provide guidance on further
optimization of physical properties for a variety of
applications. Both low and high-pressure annealing of
CVD diamond dramatically enhances optical properties
[15, 18]. The diamondmaterial has been shown to sustain the
generation ofmultimegabar pressures [20]. In addition, CVD
diamond has been used to repair and augment natural
diamond anvils, allowing containment of hydrogen to
megabar pressures [21].

Routinely and reliably producing synthetic diamond
larger than 1 carat, especially with crystals exhibiting high
optical quality is of great current interest. Despite the
developments described above, large high-purity CVD
single crystal diamond has been difficult to grow, for
example, in comparison with brown material. One of the
limitations has been the very slow growth rate that was
necessary to obtain high quality material, limiting the
thicknesses of synthesized crystals to a few micrometers
without nitrogen addition [22]. Nitrogen is themost common
impurity in both synthetic and natural diamonds. Nitrogen
present in the diamond growth environment is readily
incorporated into the lattice of the growing crystal [23].
Thus, for CVD growth, high purity gases and attention to
vacuum techniques are necessary for growth without
nitrogen. Another limitation concluded from our exper-
iments is that CVD diamond material grown without

nitrogen cracks more easily than CVD diamond grown with
nitrogen, which hinders the synthesis of large diamond
crystals that also have high chemical purity. Here we
demonstrate that colorless, multicarat, CVD diamond can be
successfully fabricated at high growth rates without anneal-
ing. Various microscopy and spectroscopic measurements
show that this material has high optical quality and clarity.

2 Experimental methods CVD single crystal
diamond was produced using high power density (50–
100W/cm3) microwave discharges operating at pressures of
100–200 Torr. Deposition rates were typically 50–100mm/h
[3, 13–16]. The diamond samples were grown in a
microwave-plasma CVD system at temperatures ranging
from 1100 to 1300 8C with gas mixtures of 8–22% CH4/H2.
The microwave power ranged from 3 to 5 kW. The substrate
sizewas around 9mm" 9mm.The growthwas performed in
multiple runs. We took out the crystal to remove the
polycrystalline diamond and resumed the growth again. The
lack of polycrystalline diamond due to this careful control of
growth helps to prevent cracks. UV–visible absorption
spectra were measured at room temperature by SAS2000
spectrometer. A confocal micro-optical system with fiber
optics and two solid-state lasers of 457 and 532 nm operated
at 50mW was used for the Raman/photoluminescence (PL)
measurements at room temperature. Cathodoluminescence
(CL) wasmeasuredwith an ELM-3RLuminoscope typically
operating at 20 kV at Department of Mineral Sciences,
Smithsonian Institution. CL images were captured using an
Olympus America GKH025664 CCD detector. Raman
mapping was conducted using a WITec a-scanning near-
field optical microscope (SNOM)/confocal Raman imaging
spectroscopy. The excitation source was a frequency-
doubled solid-state YAG laser operating at 532 nm. The
anvils were shaped using our automated Bettonville OMNI
YAG laser system followed by mechanical polishing.

3 Results An example of a diamond produced by the
above technique is shown in Fig. 1. The large crystal was cut
from a 13.5 carat (1 carat¼ 200mg) rough diamond block
grown at around 50mm/h in the absence of impurities other
than hydrogen. Optical microscopy revealed that the CVD
diamond is clear and relatively free of inclusions and
cracks. There is no visible layers (or growth interfaces)
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Figure 1 (onlinecolorat:www.pss-a. com)
The picture on the right shows a 2.4 carat
single-crystal CVD diamond compared
with 0.25 carat CVD diamond. Example
of the evolution of CVD diamond single
crystal startingwith crystal 13.5 carat block
(A) to the 2.3 carat cut gem anvil (D).
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Figure 2.16 The picture on the right shows a 2.4 carat single crystal diamond CVD diamond
compared with 0.25 carat CVD diamond. Example of the evaluation of CVD diamond single
crystal starting with crystal 13.5 carat block (A) to the 2.3 carat cut anvil (D). [66]

2.4.3 Michigan State University, USA

In addition to the recording of the operational field map (see Section 2.3) Lu et al. [31] also

increased the SCD growth window to 300 Torr for reactor B and Gu et al. [59] established

it for reactor C. An extensive study of the dependency of the SCD growth rate by various

input parameters, i.e. pressure and nitrogen concentration, was performed.
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Figure 2.17 showed the dependency of the growth rate as function of the pressure for

reactor B and C. A clear linear dependency was found throughout the entire pressure range

studied (180 to 300 Torr) and were in the range between 25 and 30 µm h−1 for a pressure of

240 Torr, a methane concentration of 5 % and without addition of external nitrogen besides

residiual traces introduced by impurities in the process gases [67]. Individual deposition runs

were limited to 10 to 12 h. SCD growth rates in reactor C were higher than in reactor B

under otherwise similar deposition conditions, which was consistent with previous reports

[59]. More recent reports on the growth rate in reactor B showed comparable results [68].

the efficiencies that were calculated with 100 ppm or more nitrogen
in the gas phase [10].

6.4. Characterization of diamond plates

Since the quality of synthesized SCD samples was excellent addi-
tional IR-UV transmission measurements were performed. This mea-
surement technique required the fabrication of diamond plates. The
synthesis process for these diamondplateswas as follows. The diamond
plates were synthesized via a multistep process which was carried out
within the “efficient, safe and excellent diamond synthesis window”
as had been identified using themethodology described above using ei-
ther Reactor A, B or C. During the synthesis process the substrate tem-
perature was held approximately constant by controlling the reactor
adjustable input variables such as input power, pressure, substrate po-
sition, etc. SCD diamond plates were created by laser cutting the
MPACVD diamond from the diamond seed and then mechanically
polishing the final plate. The resulting plates had a thickness of

2-3 mm and depending on the initial seed, the substrate size had a
cross sectional area of 3.5 × 3.5 mm2 to 7 × 7 mm2. Examples of
these diamond plates are shown in Fig. 13. Note that the edges of the
plates were also laser trimmed and polished.

The UV to IR transmission measurements were performed on sev-
eral SCD sample plates that were synthesized in Reactors A, B and C
and with different concentrations of nitrogen addition. Examples of
the results are shown in Fig. 14. Sample 1 was synthesized in Reactor
A at 160 torr, 5% methane, and with 11 ppm of nitrogen addition,
while samples 2 and 3 were synthesized in Reactor C at 240 torr, 5%
methane and with 5 ppm and zero nitrogen addition respectively
and sample 4 was synthesized in Reactor B with no nitrogen addition.
The IR transmission spectra for all samples (not shown in Fig. 14)
were similar to those observed for type IIa diamond. However as is
shown in Fig. 14 the sub-band gap ultraviolet absorption coefficients
are different for the four samples. The absorption coefficient increases
with the addition of nitrogen in the gas phase. The absorption coeffi-
cients at 250 nm for the diamond plates synthesized in Reactor C and
B are between 4 and 7 cm−1. Thus the diamond plates have transmis-
sion spectra that are similar to that of type IIa diamond [47].

7. Summary

In order to achieve safe, efficient and stable operation in the
higher pressure regime an additional reactor design and operational
principle was established. This principle is to design and operate the
reactor so that the discharge is always located away from the reactor
walls and is next to and in good contact with the substrate. This prin-
ciple was incorporated into the design and operation of Reactors B
and C. The implementation of this operational principle controlled
the position of the discharge, restricted the discharge location away
from the reactor walls, enabled good discharge contact with the sub-
strate, and controlled the size of the discharge. When operating under
these conditions, discharge power density is increased by increasing
operating pressure and reactor wall reactions are minimized. These
reactor design and operational principles enable the safe, efficient
and low maintenance operation of the reactor over a wide range of
operating conditions.

An experimental methodology was presented that determined for
each reactor the efficient and safe operating diamond synthesis re-
gime. This methodology first defines the nonlinear relationships be-
tween the input power, discharge average power density, pressure
and substrate temperature; i.e. it establishes an operating field map
at high pressure and power densities for each reactor. Then the safe
and efficient reactor operating variable space over the 180–300 torr
pressure regime is defined within this operating field map. At each
operating pressure the operating field map: (1) restricts and defines
the upper and lower input power limits of the reactor, (2) determines
the discharge absorbed power density behavior versus input power
and given a particular substrate holder configuration, (3) establishes
the relationship between substrate temperature and absorbed
power density versus substrate holder position, Zs. The experimental
discharge and operating field map data are also invaluable experi-
mental data that provide an improved understanding of the reactor
performance at high pressure. The operating field map measurements
along with the associated discharge photographs are also expected to
be useful benchmark experimental data for evaluating numerical re-
actor models.

For each reactor the operating field map and the safe and efficient
operating regime was specifically defined for SCD synthesis. While
operating within a safe and efficient reactor operating window, SCD
synthesis was demonstrated from 160 to 300 torr. At a constant pres-
sure of 240 torr a high quality, high growth rate SCD substrate tem-
perature window was experimentally identified between 1030 and
1250 °C. In particular using feed gases with nitrogen impurity
levels of less than 10 ppm SCD was synthesized with growth rates
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Figure 2.17 Growth rate vs. pressure for different methane concentration for Reactor B (Zs
= −4.5 mm, Ts ≈ 1050 - 1080 ◦C), and Reactor C (Zs = −4.8 mm, Ts ≈ 1000 ◦C). [31]

Another common concept to increase the SCD growth rate was by adding small amounts

of nitrogen into the process gas mixture [69, 70]. Figure 2.18 showed the dependency of

the growth rate with the nitrogen content incorporated into the process gases (a) and the

crystalline quality of the grown films using Raman spectroscopy (b). The growth rate was

increasing linear with the amount of nitrogen available, see Figure 2.18 (a). The addition
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of more nitrogen into the gas chemistry resulted in a higher level of nitrogen corporated

into the SCD film as demonstrated using secondary ion mass spectroscopy (SIMS). The

full-width-half-maximum (FWHM) of the diamond peak in Raman spectroscopy was used

to evaluate the crystalline quality of the grown material. The FWHM did not increase

significantly when adding moderate levels of nitrogen into the process gas mixture, as seen

in Figure 2.18 (b). Nevertheless, the near bandgap optical absorption was increased, which

gives nitrogen containing CVD diamonds its typical brown color [71].

240 torr and the deposition time was 8 h. The synthesized SCD was
characterized by micro-Raman and SIMS measurements. The black
square data points represent the growth rate for each deposition ex-
periment and each of the red circle data points show the correspond-
ing Raman FWHM of the diamond sample. There are two horizontal
dashed lines in Fig. 12, which display Raman FWHM data from two
diamond reference samples. The lower dashed line represents a
type IIIa SCD sample from Element Six with a FWHM of 1.57 cm−1

and (2) the upper dashed line represents a typical type Ib HPHT
seed containing nitrogen impurity with FWHM of 1.88 cm−1. Com-
pared with the two reference SCD samples, an excellent SCD quality
and high growth rate window was observed between 1030 and
1250 °C. This is displayed in Fig. 12 as the region between the two
green dash-dot vertical dashed lines. Within this window the synthe-
sized SCD has very good quality and has a high growth rate as well.
Additionally, SIMS measurements of the synthesized diamond show

that all diamond samples in this figure are below the detection limit
of 300 ppb for N and Si in the SCD.

6.3. Diamond synthesis efficiency

The diamond synthesis energy efficiency of Reactors B and C can
be estimated by dividing the synthesized diamond volume per unit
time by the absorbed power, Pabs [10]. This figure of merit is then
expressed in mm3/kW-h. Both reactors are capable of synthesizing di-
amond over a 25 mm diameter area. With a Pabs of around 2 kW the
observed growth rates (see Figs. 9 and 10) in the 200–320 torr pres-
sure regime vary from 20 to 75 μm/h resulting in energy synthesis
efficiencies of 6-25 mm3/kW-h. These efficiencies are excellent
considering that they are calculated for experimental conditions
that produce high quality diamond with little or no input nitrogen
(b10 ppm) in the gas phase. These efficiencies are comparable to
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Fig. 8. (a) Growth rate and nitrogen content in crystal vs. total nitrogen concentration in the gas phase (240 torr, CH4/H2 = 5%, Zs = −5.7 mm), (b) FWHM and nitrogen content in
crystal vs. nitrogen concentration in the gas phase for same samples.

Fig. 9. Growth rate in multi-variable space for Reactors A, B and C. The diameter of and the number on each data point indicates the methane concentration.
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Figure 2.18 (a) Growth rate and nitrogen content in crystal vs. total nitrogen concentration
in the gas phas (240 Torr, CH4/H2 = 5 %, Zs = −5.7 mm), (b) FWHM and nitrogen content
in crystal vs. nitrogen concentration in the gas phase for same samples. [31]

Gu et al. [59] showed how the plasma density is vastly increasing for each new generation

of the MCPR. Only the microwave power density is altered when transitioning between

reactor generations due to the adjusted holder geometries if the same operating pressure is

used. Figure 5 in [59] showed how the growth rate increased when transitioning from reactor

A to B and from reactor B to C due to the increased microwave power density.

Nad et al. [67] studied how reactor variables, i.e. variation of the holder layout, influenced

the SCD growth and how the formation of PCD on the outer edges could be surpressed.

A so called open holder was first used. In a open holder an SCD seed is placed on a flat
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substrate holder without any recess. Hence, the diamonds’ top surface was exposed to the

plasma discharge. At these high growth pressures and discharge power densities, this caused

an enhancement of the electric field above the substrate, as seen in Figure 2.19. Note the

four edges of the SCD seed in Figure 2.19 (a) appeared brighter, which indicated a higher

temperature. This enhancement was promoting PCD growth. This effect became more and

more severe as diamond was deposited on the seed crystal. In Figure 2.19 (c) a seed crystal

was pre-processed to be grown on its side, which reduced the growth surface area available

while being located closer towards the plasma discharge. It can be seen that the plasma had

separated from the substrate holder and was completely attached to the diamond seed. This

caused the formation of hotspots. The seed crystal effectively shielded off the substrate holder.

Figure 2.20 showed the growth of a diamond grown in the open holder geometry at 240 Torr

and 5 % CH4 over a total of 37.5 h. The deposition was carried out using five individual

deposition runs. A large PCD rim had formed. The SCD quality in the center appears of

high quality and without visible defects, but the smooth SCD surface area decreased by 25 %.

PCD rim and that the size of the rim increaseswith deposition time [6,7].
Here a typical example of the results using the open holder synthesis
process is presented. The open holder synthesis process is experimen-
tally explored at the higher pressure range of 130–160 Torr. For the
experiments in reactor B, the substrate holder position (zs = L1–L2)
was −8.17 mm. The results were then used for benchmark compari-
sons when evaluating new and improved holder designs. These open
holder experiments are briefly summarized below.

After pumping down the vacuum system for 12 h the seed substrate
was microwave plasma etched for an hour with hydrogen gas at
Ts ~ 1250 °C, to clean the surface and to prepare the substrate for depo-
sition. A 3.7 × 3.7 mm2 HPHT SCD seed substrate was placed on a flat
open molybdenum holder as shown in Fig. 2(a) and MPACVD diamond
synthesis was initiated. As the process evolved with time, the seed plus
the synthesized diamond became thicker and protruded more into the
discharge (Fig. 3(a) and (b)). Both the plasma substrate boundary
layer and the local discharge became more intense versus time and
the seed substrate temperature increased. In order to hold the substrate
temperature approximately constant, both the operating pressure and
input power had to be varied with time. The operating pressure range
for this example of open holder set of experiments was 130–160 Torr
with 5% CH4/H2 and with a total growth time of 35.5 h. The experiment
was interrupted at 8, 16, 19.5, and 27.5 h to take growthmeasurements
and then finally after 35.5 h the experiment was ended. The total
growth at the end of 35.5 h was ~671 μm and with a growth rate that
variedwith time between 11.28–43.24 μm/h. In order tomaintain Ts be-
tween 1100 and 1180 °C and to avoid process runaway, the pressure
was decreased from 160 Torr to 130 Torr and the power (1.5–
2.2 kW) was also adjusted to control the substrate temperature to
lie between the desired deposition temperature range. Even at
these low pressures and power levels, high temperatures of
N1100 °C were obtained due to the substrate penetrating more and
more into the plasma and hence leading to a non-uniform surface
temperature. The detailed experimental measurements and obser-
vations are presented in Figs. 2–6.

The experimental observations of the open holder growth process
are shown in Fig. 2(a–c). During the growth process, SCD is grown on
the top surface of the seed substrate. Simultaneously PCD is also
grown on the top edges and the sides of the seed. As shown in Fig.
2(b), an additional PCD layer is also grown on the top of the molybde-
num holder. As the synthesis process proceeds versus time (Fig. 2(b)),
at t = t1, both synthesized SCD and PCD layers increase and a PCD rim
completely enclosing the SCD top surface edges is formed. Eventually
(Fig. 2(c)), at a later time t = t2, the PCD rim has grown vertically up-
ward, horizontally outward and radially inward into the SCD top sur-
face. Thus as the SCD top surface grows upward its SCD surface area
decreases. The presence of the additional deposited diamond, i.e. the
SCDon the seed, the PCD rim and the PCDon the holder surface adjacent
to the substrate, alters the plasma–substrate boundary and hence alters
the local deposition process versus time. The photographs shown in Fig.
3(a) and (b) clearly show the growth of the PCD rim in an open holder
configuration.

Fig. 3(b) and (c) shows the typical high pressure experimental ob-
servation that when operating at higher power densities using the
open holder configuration, the electric fields and the discharge can con-
centrate directly above an open holder. Initially when the process starts
the seed is directly exposed to the discharge. However the presence of
the growing substrate with its PCD rim changes the boundary layer be-
tween the substrate and discharge. As deposition proceeds, the plasma
can dislodge itself from top of the substrate holder surface and moves
towards, jumps onto, and as shown in Fig. 3(c) focuses on the top sur-
face of the protruding substrate. This in turn dramatically changes the
local growth conditions. Under these conditions discharge hot spots
[19] can form on and above the diamond surface. Due to the non-uni-
form surface temperature created by the growth of the PCD rim, the
growing rim provides a suitable region for the development of hot
spots [19] and microwave plasmoids [21] with time and discharge run-
away can also occur.

The opticalmicroscope images (Fig. 4(a–e)) show the increase in the
thickness of the PCD rimwith growth time. Fig. 4(f) displays the appear-
ance of the final substrate. The seed is still attached to the synthesized
diamond after 35.5 h of growth. Fig. 5 summarizes the growthmeasure-
ments such as the linear growth rate, total weight gain and average rim
thickness versus time.

The top SCD surface shown in Fig. 4(f) is surrounded by a thick
polycrystalline rim while the top SCD surface area has decreased
(Fig. 6) by 25% from ~13.7 mm2 (seed area) to 9.75 mm2. The optical
microscopy image of the SCD top surface shown in Fig. 4(a–e) indi-
cates that the diamond growth on the top surface proceeds in an
edge–center growth morphology. This is believed to be due to the
non-uniform surface temperature of the diamond substrate, i.e. the
sharp edges of the seed are at a higher temperature (Fig. 3(a)). As
can be seen from the series of images in Fig. 4(a–e), the SCD surface
begins with a smooth edge–center growth morphology, but as the
deviation in surface temperature between the edge and center
increases and as the substrate protrudes more and more into the
discharge, the roughness of the SCD surface also increases and the
result is a final smaller and uneven SCD surface area (Fig. 4(f)). Thus it
is observed that when synthesizing diamond at high pressures the

Fig. 2. A cross-sectional view of SCD synthesis versus time in an open holder. The yellow
color denotes the HPHT SCD seed substrate, orange denotes the synthesized CVD SCD
and the gray area identifies the deposited PCD material. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to theweb version of this article.)

Fig. 3. (a) An open holder during the growth process and (b) a side view of the discharge substrate boundary layer in the open holder configuration. (c) The discharge and seed substrate
boundary layer just before discharge hot spot formation. The discharge clearly is separated from the holder and is concentrated on the top of the seed.
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Figure 2.19 (a) An open holder during the growth process and (b) a side view of the discharge
substrate boundary layer in the open holder configuration. (c) The discharge and seed
substrate boundary layer just before discharge hot spot formation. The discharge clearly is
separated from the holder and is concentrated on the top of the seed. [67]

A modified substrate holder (pocket holder) was used to shield the diamond seed from

the electric fields and the intense discharge. This was achieved by utilizing a squared recess

(pocket) in the center of the substrate holder of the holder with excess width w of 1 mm and

depth d of 2.6 mm. The pocket is larger than the SCD dimensions. (Two such pocket designs
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open holder geometry hinders the development of a robust, high qual-
ity SCD synthesis process and must be improved upon.

5.2. Pocket holder synthesis

In order to improve and achieve localized control of the SCD synthe-
sis process the open holder design geometrywasmodified. In a series of
trial and error experiments the open holder configuration evolved into a
newdesign that atfirst reduced the PCD rim and then finally completely
eliminated the rim. The final result was the optimized holder designs
presented here. By placing the seed substrate in a pocket holder, a syn-
thesis process was developed where the seed is placed within a recess
or a “well” that is cut into the water-cooled molybdenum substrate
holder (Fig. 7(a)). When the substrate was placed within this recess,
the SCD substrate sides, edges and the top surface are no longer exposed

to the intensemicrowave plasma and are also shielded from anymicro-
wave fields that may have concentrated on the hot edges of the sub-
strate in the open holder configuration. The substrate top surface is
located at a short distance, i.e. 0.5–2.0 mmdepending on the exact syn-
thesis process, below the top surface of the substrate holder.

Experiments were performed in reactors B and C in a similar fashion
to the open holder experiments. The substrate holder position (zs) for
all synthesis experiments in reactor B was −6.17 mm to −7.17 mm
and in reactor C, zs was −4.6 mm. The seed is first hydrogen plasma
etched for an hour with Ts ~ 1050 °C to remove any impurities and
any polishing damage on the seed surface. The growth process versus
time is described schematically and in the caption of Fig. 7. The operat-
ing pressure for the pocket holder growth experiments was held con-
stant at 240 Torr with 5% CH4/H2. Several pocket holder experiments
were carried out with varying growth times of 8–72 h. The total new

Fig. 4.The evolution of the top surface of the SCD versus total growth time of (a) 8 (b) 16 (c) 19.5 (d) 27.5 and (e) 35.5 h. (f) The seed substrate plus the synthesizeddiamond after 35.5 h of
deposition time.

Fig. 5. SCD linear growth rate, PCD rim growth rate and total weight gain versus time.
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Figure 2.20 The seed substrate plus the synthesized diamond after 35.5 h of deposition time.
[67]

used in this dissertation are shown in Section 3.1.4.) The substrate is situated completely

inside the pocket. This allowed the active species to diffuse down and promote diamond

growth on top of the seed substrates’ top surface while shielding off the discharge. Figure 2.21

showed a side view of the interactions between the plasma and the substrate holder. The

glowing orange was the recessed diamond seed. The plasma formed a uniform boundary

layer between the core discharge and the holder providing active species for SCD growth.

Figure 2.22 displayed a SCD film that was grown in a recessed pocket holder. The pocket

had a depth d of 2.6 mm and the distance between the outer edge of the diamond and the

walls of the pocket w was 1.0 mm. Not only was the PCD formation completely suppressed,

the SCD top surface expanded and was more than doubled in area.

Figure 2.23 showed the dependency between the amount of SCD area gain (outgrowing)

and the overall growth (thickness gain).

Figure 2.24 showed the lateral expansion of SCD material utilizing two growth steps in

reactor C. The second growth step utilized a deeper pocket depth d in order to account for

the larger thickness of the substrate and ensured that the relative position inside the pocket

towards the plasma was the same. The SCD dimensions were expanded from 3.5 mm× 3.5 mm
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SCD growth thicknesses varied between ~200 μm to 1.3 mm and were
produced with a growth rate of 16–32 μm/h. For all experiments con-
ducted, Tswasmaintainedwithin 950–1150 °Cby adjusting the incident
power levels to be within 1.8–2.2 kW.

Fig. 8 displays a photograph of the discharge–substrate boundary
layer that is located just above a pocket holder operating at 240 Torr
with 5% CH4/H2. In contrast to the open holder boundary layer shown
in Fig. 3, the substrate–discharge boundary layer is uniform above the
pocket and molybdenum holder surface, and diamond synthesis is car-
ried out without hot spots. The red–orange area in Fig. 8 is produced by
the glowing seed locatedwithin a pocket holder. Thus the pocket holder
design creates within the pocket a suitable thermal environment
bounded by thewalls of the recess. Such an environment aids in produc-
ing a uniform SCD synthesis process.

Fig. 9(a) displays a typical pocket holder design. In this design the
side edges of the substrate are located at a short distance from the adja-
cent wall of the holder recess. The dimensions of the pocket are

important, i.e. if the spacing between the edges and the surface is either
too large or too small then a good, smooth SCD growth is not achieved.
The optimum size of the pocket was determined after experimenting
with different pocket holder designs. As the SCD grows upward andhor-
izontally (Fig. 9(b)), the substrate recess used in any additional growth
steps had to be enlarged (both in depth andwidth) in order tomaintain
the appropriate spatial relationship between the substrate and the sub-
strate holder.

Under these “pocket” growth conditions SCD growth proceeds ei-
ther without producing a PCD rim or the PCD rim is greatly reduced.
As shown in Figs. 7 and 9, during pocket growth the crystal grows
both vertically and horizontally and top surface is smooth and has no
PCD rim (Fig. 10). As growth proceeds, the crystal gets thicker and the
top surface area also increases. In fact, the enlarged top surface cantile-
vers out from all four sides over the original crystal. In order to achieve

Fig. 6. The synthesized CVD single crystal diamond area versus time for a 3.7 × 3.7 mm2

HPHT seed crystal.

Fig. 7. Cross-sectional views of SCD growth versus time in a pocket holder. The color code
is the same as in Fig. 2. As (a) SCD growth versus time proceeds (b) the new SCD grows
without a PCD rim both vertically and horizontally. (c) Additionally PCD is deposited on
the top of the substrate holder. (d) After the deposition cycle is stopped at t = t3, the
newly grown SCDmaterial is laser cut from the seed substrate and the PCDmaterial is re-
moved from the substrate holder.

Fig. 8.A uniformdischarge–substrate boundary layer at a 240 Torr pocket holder SCD syn-
thesis process.

Fig. 9. Thewidth ‘w’ and depth ‘d’ spatial relationship plays an important role between the
substrate recess and the substrate in order to obtain a smooth CVD SCD.

Fig. 10. Top surface of a 438 μm thick CVD grown SCD layer. The grown surface has in-
creased ~1.23 times from 3.7 mm × 3.7 mm surface area of the original seed to
~4.1mm× 4.1mmsurface area. Thisfinal as-grown substrate was synthesized in a pocket
holder with d = 1.5 mm and w = 0.5 mm and has no PCD rim.
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Figure 2.21 A uniform discharge–substrate boundary layer at a 240 Torr pocket holder SCD
synthesis process. [67]

constricts the lateral growth of the substrate. At this point the growth
process needs to be stopped and the holder needs to be cleaned in
order to enable a smooth growth process.

Initially the CVD SCD grows in a concave fashion (Fig. 13(a)) with a
center to edge growth morphology (Fig. 10). As the growth proceeds
with time, the CVD SCD top surface levels out to align itself to the
same plane as the adjoining PCD deposition on the holder surface. Fig.
13(b) shows one such substrate where a thick layer of PCDwas formed
on the holder surface. The SCD substrate shown in Fig. 13(b)was grown
using reactor C. The single growth stepwas carried out at 240 Torr, with
5% CH4/H2 and with a growth time of 64.3 h. When the synthesis step
was completed, the PCD layer was separated from the molybdenum
holder surface. The linear growth rate of the CVD SCD substrate was
24.9 μm/h which resulted in a total SCD thickness gain of ~1.6 mm.

Many CVD SCD substrates have been routinely synthesized using the
pocket holder designs and have been laterally expanded to varying di-
mensions over different growth times. Fig. 15 displays a plot of the nor-
malized lateral area gain versus the vertical thickness gain. The
normalized lateral area gain referred to here is the CVD lateral area
gain over the initial HPHT seed area (3.7 × 3.7 mm2). These substrates
have been grown over varying growth times of 10–72 h and with 1–2
growth steps. All these substrates have no PCD rim around their top sur-
face. There is a clear expansion in the final surface area of the CVD sub-
strate. This demonstrates the advantage of minimizing/removing the
PCD rim with the help of the pocket holder design.

Experimentswithmulti-growth steps indicate an increase of the top
SCD surface area by ~2.5 times (Fig. 16). Fig. 16(a) shows the outward
expansion of the CVD layers during growth in deeper pocket holders
at 240 Torr and with 5% CH4/H2. This substrate was grown in 2 steps
of 48 h (1.17 mm thick) and 72.3 h (1.6 mm thick). Fig. 16(b) shows
the top view of the grown substrate.

The synthesis growth steps described above have been utilized to
produce thick CVD SCD substrates with one or more growth steps
(Fig. (17)). A multi-growth step CVD SCD cube has been shown in Fig.
17(a). This cube was grown with 4 successive growth steps of 48–
72 h each and with growth rates of 25–30 μm/h at 240 Torr and with
5% CH4/H2 starting with a 6 × 6 mm2 HPHT seed. The substrate holder
surface was cleaned after each growth step to ensure that the growth
proceededwithout the formation of any hot spots on the holder surface
at this high pressure growth regime. As shown in Fig. 17, the final SCD
substrate was laser trimmed at the edges to form a 2.1 carat,
5.3 × 5.2 × 4.5 mm3 thick CVD SCD substrate. Similar growth and pro-
cessing steps were followed for the production of the SCD cube shown
in Fig. 17(b). It was grown in 1 growth step of ~95 h at 240 Torr with
5% CH4/H2 and with a growth rate of 24.8 μm/h on a
3.7 × 3.7 × ~ 1.4 mm3 HPHT seed. The final CVD SCD cube obtained is
a 2.3 × 2.5 × 2.7 mm3 cube.

6. Discussion

When the empty cavity reactor is excited with electromagnetic en-
ergy then the impressed microwave electric field is primarily perpen-
dicular to the holder surface [15,16]. If then a SCD diamond seed is

Fig. 14. A close up viewof the synthesized SCD in Fig. 13(b) grown in a pocket holderwith
d = 2.6 mm and w = 1.0 mm and with the adjacent PCD layer on the substrate holder.

Fig. 15. Plot of normalized lateral CVD area gain vs. vertical thickness gain for CVD sub-
strates. The dotted line indicates the HPHT seed surface area.

Fig. 16. (a) Lateral expansion of the CVD growth for a 2 step as grown substrate (b) ~2.5 times expansion of the final CVD substrate over the HPHT surface area.
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Figure 2.22 A close up view of the synthesized SCD grown in a pocket holder with d =
2.6 mm and w = 1.0 mm and with the adjacent PCD layer on the substrate holder. [67]

to 5.73 mm× 5.88 mm, an increase in SCD surface area by over 2.5 times.

Nad et al. [72] expanded on the study of rimless growth using an adjusted pocket design.

The width remained the same with w = 1.0 mm, but the pocket depth was slightly reduced to

d = 2.3 mm moving the top surface 300 µm closer to the plasma. Rimless growth was verified

using this updated holder design. Figure 2.25 compared the reported SCD area increase with

the updated holder design (the yellow, blue and red data point) with the previous results.

While both data sets lined up quite well, it can be seen, that the area gain using the more

shallow pocket was slightly shifted, i.e. more area gain within the same amount of vertical

growth was achieved. Figure 2.26 showed a close-up SEM image of the outgrown SCD area.
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constricts the lateral growth of the substrate. At this point the growth
process needs to be stopped and the holder needs to be cleaned in
order to enable a smooth growth process.

Initially the CVD SCD grows in a concave fashion (Fig. 13(a)) with a
center to edge growth morphology (Fig. 10). As the growth proceeds
with time, the CVD SCD top surface levels out to align itself to the
same plane as the adjoining PCD deposition on the holder surface. Fig.
13(b) shows one such substrate where a thick layer of PCDwas formed
on the holder surface. The SCD substrate shown in Fig. 13(b)was grown
using reactor C. The single growth stepwas carried out at 240 Torr, with
5% CH4/H2 and with a growth time of 64.3 h. When the synthesis step
was completed, the PCD layer was separated from the molybdenum
holder surface. The linear growth rate of the CVD SCD substrate was
24.9 μm/h which resulted in a total SCD thickness gain of ~1.6 mm.

Many CVD SCD substrates have been routinely synthesized using the
pocket holder designs and have been laterally expanded to varying di-
mensions over different growth times. Fig. 15 displays a plot of the nor-
malized lateral area gain versus the vertical thickness gain. The
normalized lateral area gain referred to here is the CVD lateral area
gain over the initial HPHT seed area (3.7 × 3.7 mm2). These substrates
have been grown over varying growth times of 10–72 h and with 1–2
growth steps. All these substrates have no PCD rim around their top sur-
face. There is a clear expansion in the final surface area of the CVD sub-
strate. This demonstrates the advantage of minimizing/removing the
PCD rim with the help of the pocket holder design.

Experimentswithmulti-growth steps indicate an increase of the top
SCD surface area by ~2.5 times (Fig. 16). Fig. 16(a) shows the outward
expansion of the CVD layers during growth in deeper pocket holders
at 240 Torr and with 5% CH4/H2. This substrate was grown in 2 steps
of 48 h (1.17 mm thick) and 72.3 h (1.6 mm thick). Fig. 16(b) shows
the top view of the grown substrate.

The synthesis growth steps described above have been utilized to
produce thick CVD SCD substrates with one or more growth steps
(Fig. (17)). A multi-growth step CVD SCD cube has been shown in Fig.
17(a). This cube was grown with 4 successive growth steps of 48–
72 h each and with growth rates of 25–30 μm/h at 240 Torr and with
5% CH4/H2 starting with a 6 × 6 mm2 HPHT seed. The substrate holder
surface was cleaned after each growth step to ensure that the growth
proceededwithout the formation of any hot spots on the holder surface
at this high pressure growth regime. As shown in Fig. 17, the final SCD
substrate was laser trimmed at the edges to form a 2.1 carat,
5.3 × 5.2 × 4.5 mm3 thick CVD SCD substrate. Similar growth and pro-
cessing steps were followed for the production of the SCD cube shown
in Fig. 17(b). It was grown in 1 growth step of ~95 h at 240 Torr with
5% CH4/H2 and with a growth rate of 24.8 μm/h on a
3.7 × 3.7 × ~ 1.4 mm3 HPHT seed. The final CVD SCD cube obtained is
a 2.3 × 2.5 × 2.7 mm3 cube.

6. Discussion

When the empty cavity reactor is excited with electromagnetic en-
ergy then the impressed microwave electric field is primarily perpen-
dicular to the holder surface [15,16]. If then a SCD diamond seed is

Fig. 14. A close up viewof the synthesized SCD in Fig. 13(b) grown in a pocket holderwith
d = 2.6 mm and w = 1.0 mm and with the adjacent PCD layer on the substrate holder.

Fig. 15. Plot of normalized lateral CVD area gain vs. vertical thickness gain for CVD sub-
strates. The dotted line indicates the HPHT seed surface area.

Fig. 16. (a) Lateral expansion of the CVD growth for a 2 step as grown substrate (b) ~2.5 times expansion of the final CVD substrate over the HPHT surface area.
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Figure 2.23 Plot of normalized lateral CVD area gain vs. vertical thickness gain for CVD
substrates. The dotted line indicates the HPHT seed surface area. [67]

constricts the lateral growth of the substrate. At this point the growth
process needs to be stopped and the holder needs to be cleaned in
order to enable a smooth growth process.

Initially the CVD SCD grows in a concave fashion (Fig. 13(a)) with a
center to edge growth morphology (Fig. 10). As the growth proceeds
with time, the CVD SCD top surface levels out to align itself to the
same plane as the adjoining PCD deposition on the holder surface. Fig.
13(b) shows one such substrate where a thick layer of PCDwas formed
on the holder surface. The SCD substrate shown in Fig. 13(b)was grown
using reactor C. The single growth stepwas carried out at 240 Torr, with
5% CH4/H2 and with a growth time of 64.3 h. When the synthesis step
was completed, the PCD layer was separated from the molybdenum
holder surface. The linear growth rate of the CVD SCD substrate was
24.9 μm/h which resulted in a total SCD thickness gain of ~1.6 mm.

Many CVD SCD substrates have been routinely synthesized using the
pocket holder designs and have been laterally expanded to varying di-
mensions over different growth times. Fig. 15 displays a plot of the nor-
malized lateral area gain versus the vertical thickness gain. The
normalized lateral area gain referred to here is the CVD lateral area
gain over the initial HPHT seed area (3.7 × 3.7 mm2). These substrates
have been grown over varying growth times of 10–72 h and with 1–2
growth steps. All these substrates have no PCD rim around their top sur-
face. There is a clear expansion in the final surface area of the CVD sub-
strate. This demonstrates the advantage of minimizing/removing the
PCD rim with the help of the pocket holder design.

Experimentswithmulti-growth steps indicate an increase of the top
SCD surface area by ~2.5 times (Fig. 16). Fig. 16(a) shows the outward
expansion of the CVD layers during growth in deeper pocket holders
at 240 Torr and with 5% CH4/H2. This substrate was grown in 2 steps
of 48 h (1.17 mm thick) and 72.3 h (1.6 mm thick). Fig. 16(b) shows
the top view of the grown substrate.

The synthesis growth steps described above have been utilized to
produce thick CVD SCD substrates with one or more growth steps
(Fig. (17)). A multi-growth step CVD SCD cube has been shown in Fig.
17(a). This cube was grown with 4 successive growth steps of 48–
72 h each and with growth rates of 25–30 μm/h at 240 Torr and with
5% CH4/H2 starting with a 6 × 6 mm2 HPHT seed. The substrate holder
surface was cleaned after each growth step to ensure that the growth
proceededwithout the formation of any hot spots on the holder surface
at this high pressure growth regime. As shown in Fig. 17, the final SCD
substrate was laser trimmed at the edges to form a 2.1 carat,
5.3 × 5.2 × 4.5 mm3 thick CVD SCD substrate. Similar growth and pro-
cessing steps were followed for the production of the SCD cube shown
in Fig. 17(b). It was grown in 1 growth step of ~95 h at 240 Torr with
5% CH4/H2 and with a growth rate of 24.8 μm/h on a
3.7 × 3.7 × ~ 1.4 mm3 HPHT seed. The final CVD SCD cube obtained is
a 2.3 × 2.5 × 2.7 mm3 cube.

6. Discussion

When the empty cavity reactor is excited with electromagnetic en-
ergy then the impressed microwave electric field is primarily perpen-
dicular to the holder surface [15,16]. If then a SCD diamond seed is

Fig. 14. A close up viewof the synthesized SCD in Fig. 13(b) grown in a pocket holderwith
d = 2.6 mm and w = 1.0 mm and with the adjacent PCD layer on the substrate holder.

Fig. 15. Plot of normalized lateral CVD area gain vs. vertical thickness gain for CVD sub-
strates. The dotted line indicates the HPHT seed surface area.

Fig. 16. (a) Lateral expansion of the CVD growth for a 2 step as grown substrate (b) ~2.5 times expansion of the final CVD substrate over the HPHT surface area.
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Figure 2.24 (a) Lateral expansion of the CVD growth for a 2 step as grown substrate (b) ≈
2.5 times expansion of the final CVD substrate over the HPHT surface area. [67]

The outgrown material is truly SCD and of high quality, while different growth directions, i.e.

{110} and {111}, were present. The top surface of the grown SCD was smooth, even on the

outgrown area.

Nad et al. [68] studied the crystalline quality of the crystals grown using the optimized

pocket holder design introduced in [67]. One of the observations was, that terrace growth

occurred. The terraces were directed from the center towards the edges and corners. This

was related to the spherical discharge being centered on top of the seed crystal resulting in a

31



The periodicity in the temperature swings were carried
out by carefully monitoring the instantaneous Ts. It was
observed that if Ts is high for more than a few hours continu-
ously then the surface morphology was no longer smooth
and flat. After recognizing this, the input power and Ts time
variation profile was altered to where the resulting SCD top
surface was smooth.

In order to quantify the outward growth of the CVD
SCD substrates, the lateral area gain (i.e., final CVD SCD
top area/original seed top area) of the final growth surfaces
was plotted as a function of the vertical thickness gain as
shown in Fig. 7. Except for the colored data points, this plot
is reproduced from Fig. 15 in Ref. 7. The black data points
from the original figure are used as comparative reference
data. The data points for substrates ACH23 and ACH24 are
represented by the yellow and red data points in Fig. 7,
respectively. The data points from the substrates, located
within the dashed oval in Fig. 7, correspond to the trend
observed in the substrates grown earlier with a pocket holder
using MCPRs9,16 operating at different temperature and
power conditions. However, with the variation of Ts as
described in Fig. 2, it is now possible to obtain a larger lat-
eral growth of the final CVD SCD substrate surface along
with a high vertical thickness gain.

This growth process allows the deposition of high quality
and large, i.e., !2 times the initial seed area SCD substrates.
By varying Ts and Pinc as a function of the growth time, a
high growth of (110) and (111) crystal faces is enabled such
that a high lateral growth rate may now be achieved. PCD rim
growth was also eliminated. Hence, without the PCD rim, the
grown SCDs may now be analyzed more effectively. These
rimless substrates also reduce post processing time as it is not
necessary to trim the PCD off. With the lack of rim growth,
the stress and hence cracking in the crystals will also be
reduced considerably, thereby improving the quality of the
grown substrates. It is feasible to build on this process and
develop additional similar growth recipes for the further
enlargement and growth of larger and thicker SCDs with sin-
gle to multi-step growth runs.

The growth recipe described in this research is a special
case of the MPACVD growth of SCDs in a pocket holder.
This particular case of MPACVD growth process depends on
the pocket holder dimensions, the behavior of Pinc versus time
and also on the corresponding behavior of Ts versus time.
However it was developed empirically. There may be other
possible special recipes to grow different PCD rimless SCD
shapes. Some of these are currently under investigation.
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Figure 2.25 Outward growth of the CVD SCD substrates. [72]

growth surface for these two substrates were 23.28 mm2 and
27.30 mm2, respectively. Thus, the lateral surface area of the
CVD SCD substrate increased by !1.7 times for ACH23 and
!2 times for ACH24 over the initial SCD seed surface area
(i.e., 13.69 mm2). The outward growth of the SCD substrates is
clearly seen in Fig. 5. The substrates were also evaluated under
scanning electron microscope (SEM), and the images are
shown in Figs. 5(a) and 5(b). No rim was found around the
edges of the surfaces and the top surface was observed to be
flat with no non-epitaxial growth at the edges and corners. It
was also observed that the (110), (111), and the (100) crystal
faces grew simultaneously during this process leading to the
enlargement of the CVD SCD substrate.

As has been discussed in Refs. 12 and 13, the growth
rates of (100), (110), and (111) crystal faces and hence a and
b growth parameters,14 are dependent on Ts. Previous publi-
cations on diamond growth discuss the growth of SCDs with
a constant temperature over a certain growth time.5,15 The
objective of this work is to control both the concentration of
radical species density over the seed and Ts versus time in
order to obtain a high, uniform growth rate without the for-
mation of a PCD rim.

It has been observed that the growth rates of (111) and
(113) faces increase at higher Ts.

13 Therefore, in this process
for the first few hours, Ts is kept high at !1020 "C. At this
high Ts, the entire seed surface is at a uniform temperature
which allows the hot and dissociated gas radicals to deposit
uniformly over the entire substrate surface. As a result, the
corners, edges and the center of the substrate start growing
uniformly without a rim. Once the growth has been initiated
for the entire surface in the first 10–12 h, it has been
observed in our experiments that the diamond grows uni-
formly over the entire substrate. Ts was then lowered versus
time to !980 to 990 "C in small steps of !5 "C by decreas-
ing Pinc (Fig. 1 in Ref. 7). As growth proceeds, the substrate
thickness increases, and Ts also increases since the substrate
surface approaches closer to the intense plasma. During this
process, the temperature is controlled and allowed to drift
upward to !1020 "C following which Ts is reduced again to
!990 "C by reducing Pinc. This real time temperature varia-
tion both promotes the outward growth and produces a
smooth, improved morphology of the SCD crystal.

An example of the variation of Ts and Pinc as a function of
growth time is shown in Fig. 2 for substrate ACH23 (Fig. 3).
Initially, when Ts is high (!1030 "C), the growth rates of the
different crystal faces are also high allowing the outward SCD
growth. For the next several hours, the temperature was first
lowered to !1000 "C (point “c” in Fig. 2) by lowering Pinc

(point “a” in Fig. 2). A hypothesis is that this lower tempera-
ture growth aids in obtaining a smooth top SCD surface.

Although the growth rates decrease slightly, the entire surface
grows more uniformly and improves the surface morphology.
During the ensuing growth period, Pinc is kept constant from
point “a” to “b” in Fig. 2. However, during that period, as seen
in Fig. 2, Ts drifts upward from point “c” (!1000 "C) to “d”
(!1040 "C). The temperature variation is controlled by first
permitting this increase to 1040 "C by keeping a constant Pinc

over a certain growth time. Ts increases even with constant
input power due to (1) increase in SCD thickness, and (2) the
top SCD surface approaches and moves into the plasma. The
crystal size then increases which alters the deposition geome-
try and deposition conditions resulting in an increase in Ts.
This again allows the fast growth of the crystal faces, espe-
cially in the h110i and h111i directions. After this the tempera-
ture is lowered to 996 "C (point “e” in Fig. 2) by reducing Pinc.
The temperature variations between the high (like point “f” in
Fig. 2) and lower (like point “e” in Fig. 2) temperature states
promote the different growth rates of the different crystal ori-
entations versus time. These temperature fluctuations are car-
ried out throughout the growth cycle (Fig. 2). An important
fact to note is that near the end of the run, Ts is reduced from
point “f” to “g” (!985 "C). This temperature decrease at the
end of the run and then stopping the process at the right time is
critical in preventing the SCD from penetrating into the dis-
charge. When Ts and Pinc are not controlled and the substrate
grows into the discharge, a thick rim is observed similar to that
shown in Fig. 1. The strategies mentioned here ensure the
growth of a flat and even surface with sharp edges and without
any rim (Fig. 6). Growth processes with similar temperature
variations were followed for the other substrates discussed here.

FIG. 5. Side view images of (a) ACH23 and (b) ACH24 indicate outward
growth of the CVD SCD substrates.

FIG. 6. SEM images of (a) ACH23 and (b) ACH24 indicate PCD rim free
CVD SCD substrates.
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Figure 2.26 SEM image indicating PCD rim free CVD SCD substrate. [72]

slightly enhanced growth rate in the center. An AFM analysis of the terraces was shown in

Figure 2.27. The individual terrace height was between 400 and 600 nm and had a width of

≈ 7 µm.

The nitrogen concentration was evaluated by SIMS and found to be between 88 and 97
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Fig. 3(a) corresponds to the blue spot and surface profile plot shown in
Fig. 3(c). Fig. 3(b) displays the 3D plot over the same surface area. The
width and height of each growth step is clearly visible here. The surface
profile is displayed in Fig. 3(c). The surface roughness (Ra) for this as-
grown substrate is ~263 nm. Careful observation of the different growth
layers at different positions on the SCD surface indicates that the growth
layers are directed towards the edges and the corners of the substrate
and originate near the central region of the seed substrate. This verifies
the center–edge surface morphology for the SCD substrates grown in a
pocket holder.

3.2. CVD SCD plate analysis

In order to further characterize and analyze the synthesized
substrates, they were first laser cut from the original seed substrate
and thenmechanically polished to formCVD SCDplates. After polishing,
the surface roughness decreased to 3–6 nm. This level of surface
smoothness ensures efficient spectroscopy and stress analysis of the
substrates with minimum unintentional reflection. Several PCD rim
free substrates grown in a pocket holder design on (100) oriented

HPHT seeds (Fig. 11 in reference [1]) have been cut into plates and char-
acterized. One such typical UV/Vis and FTIR result has been presented
earlier in Figure 14 of reference [28].

In this paper, the measurements shown in Figs. 5, 6, 7(b) and 8 were
conducted on a 221 μmCVD SCD plate (SN067–01C). In order to empha-
size the effect of the PCD rim, this platewas grownon aHPHT seedwhose
top surfacewas cut at an angle (a few degrees) offset to the (100) growth
plane (as is shown in Fig. 4). Fig. 4 shows the side viewof the angled seed.
During growth, the left edge of the seed starts to grow out of the pocket
and into the intense plasma while the right edge stays embedded in the
pocket. As a result, the left edge develops a PCD rim but the right edge
remains rim free. The final as-grown substrate has been shown in Fig.
12(a) in reference [1]. The PCD rim is ~50 μm thick on the left edge
(which penetrates into the plasma) while the right edge (embedded
within the pocket) is relatively rim free. After growth, the CVD material
was laser cut from the seed and then was polished to form a 221 μm
thick SCD plate (SN067–01C). The effect of this PCD rim on the quality
of the CVD SCD plate (SN067–01C) is displayed in the birefringence
images (Fig. 8). All UV/Vis, FTIR and SIMS measurements discussed in
Figs. 5–8 have been conducted on this same CVD SCD plate.

3.2.1. UV/Vis spectroscopy
Ultraviolet and visible wavelength range spectroscopy measure-

ments on CVD SCD plates were performed with a Perkin Elmer Lambda
900UV/Vis/NIR spectrometer. Fig. 5 shows theUV/Vismeasurements of
a 221 μm thick CVD SCD plate (SN067–01C). In Fig. 5(a) the transmis-
sion measurements of the plate are compared to that of a type Ib
HPHT seed. The difference between the two substrates is clearly visible,
especially at the lower wavelength range of 200–450 nm. In contrast to
the HPHT seed which shows a high absorption at these lower wave-
lengths caused by large amount of nitrogen impurities, the CVD SCD
plate shows high optical transmission. The transmission (%T) measure-
ments for 400–800 nm of the CVD SCD plate is approximately 71%
which matches the theoretical value for these measurements ([32,33]).

Fig. 5(b) shows the absorption coefficient versus wavelength plot for
the plate at the lower wavelength range of about 225–400 nm which is

Fig. 3. Atomic force microscopy analysis of an as-grown SCD substrate surface (SN075–01). (a) 2D AFM image, (b) 3D AFM image to display the growth steps, and (c) surface profile and
roughness (Ra = 263.3 nm) of the red line shown in (a). (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

Fig. 4. Side view of a HPHT seed with the top surface angled by a few degrees to the (100)
crystal face.
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Figure 2.27 Atomic force microscopy analysis of an as-grown SCD substrate surface. (a) 2D
AFM image, (b) 3D AFM image to display the growth steps, and (c) surface profile and
roughness (Ra = 263.3 nm) of the red line shown in (a). [68]

parts per billion (ppb). This was verified by UV/Vis absorption spectroscopy, which showed

a near bandgap absorption below 2 cm−1 [67].

Birefringence imaging was performed on a SCD film grown on a seed crystal, which had

an angled top surface so that one side was forced to grow outside of the pocket to introduce

a PCD rim. Birefringence images for increasing exposure times were shown in Figure 2.28. It

can be seen, that the center of the substrate remained stress free, while the outer SCD areas

showed moderate amounts of stress. The interesting fact was, that the left edge showed high

amount of stress. The left edge was the side, where PCD was grown purposefully showing

that PCD formation introduced crystalline stress,

Etch pits were created by exposing the film to a pure hydrogen plasma at 240 Torr for one

hour. When a defect was present, the hydrogen plasma etched the surrounding area resulting

in a pyramidal etch pit. Hence it was possible to determine the defect density through etch

pits. Details on the etch pit formation mechanism were previously reported by Naamoun et
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As seen in Fig. 8, the birefringence analysis of the CVD SCD plate
indicates low stress in the substrate. This can be seen especially at the
center of the plate where the dark region indicates very low stress.
With the exception of one edge, the other edges are also relatively
low stressed. It has been discussed earlier ([36,37]) that bundles of de-
fects/dislocations in the bulk of the CVD SCD plates create stress in the
substrates and result in a four petal feature visible through birefringence
imaging. In Fig. 8, it can be seen that even at high exposure times, the
four petal features do not appear anywhere on the plate except on the
left edge. Thus the number of dislocations also appear to be low in the
synthesized plates since any major dislocation bundles are absent in
the substrate and the dislocations present are probably isolated disloca-
tions. The reason for stress in the left edge of the plate (Fig. 8) is that the
original as-grown substrate was synthesized on an HPHT seed with a
top surface cut at an angle to the b100N direction (Fig. 4). This resulted,
at the end of the run, in one edge protruding out of the pocket and as a
result developed a polycrystalline rim at that edge (Fig. 12 in reference
[1]). This PCD rim created the stress seen in Fig. 8.

3.2.5. Etch pit density measurements with differential interference contrast
microscopy and AFM

To evaluate the quality of the grown CVD substrates, several etch
pit density observations were made with the help of hydrogen
plasma etching experiments. Some initial etching experiments were
conducted in order to determine the approximate defect density. The
observations discussed here stem from some preliminary investigations
and will be improved upon in future discussions. These etch pit density
measurements were carried out on pocket grown CVD SCD plates
and on as received and cleaned HPHT seeds. The substrateswere etched
in a 2.45 GHz microwave plasma reactor at 240 Torr for 1 h in a pure
hydrogen discharge. The surface temperature was maintained between

1000-1050°C by slightly adjusting the incident power between 1.8–
2.0 kW. Since it is known that more etch pits are revealed with
high pressures and temperatures ([24,38]), this is assumed to be an -
aggressive etching technique and it was used for all etching experi-
ments. The average etch rate is 1–3 μm/h. A list of the etched
substrates discussed in Sections 3.2.5–6 is given in Table 2.

The etch rate was calculated from the weight loss (measured by
volumetric analysis) for more accurate results rather than the thickness
loss (measured by linear encoder). The following equations were used
for this calculation:

Thickness loss mmð Þ ¼
Average weight loss after etchingð Þ $ 103

3:5$ 3:5$ 3:515

Etch rate by weight loss
μm
hr

! "
¼ Thickness loss mmð Þ $ 103

etching duration
:

Here 3.515 g/cm3 is the density of diamond and 3.5× 3.5mm2 is the
top surface area of the considered SCD substrate.

It has been shown that differential interference contrast microscopy
(DICM) images provide correlation between etch pits formed on the
SCD surface and threaded dislocations within the bulk of the substrate
[36]. After the etching process, the etch pits have been similarly
analyzed with DICM. For this purpose, a Nikon ME600 optical micro-
scope equipped with a Wollastone prism, analyzer and polarizer setup
for DICM, was used. The etch pit density was then calculated with the
help of the Q-Capture Pro 7 imaging software.

Some representative images from the etching experiments per-
formed on a HPHT seed (SN086–01) and on a 287 μm thick CVD SCD
plate (SN058–01C) are shown in Fig. 9(a–c). This plate was grown at
240 Torrwith 5%CH4/H2 for 15 h on a (100) orientedHPHT seed. During

Fig. 7. SIMS analysis of nitrogen impurity concentration at different depths in (a) an as-grown SCD substrate (SN060–01), and a (b) 221 μm CVD SCD plate (SN067–01C). The red line
shows the detection limit of the instrument. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Birefringence images of a 221 μm thick CVD SCD plate (SN067–01C) with exposure times of (a) 500 ms (b) 2000 ms and (c) 5000 ms.
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Figure 2.28 Birefringence images of a 221 µm thick CVD SCD plate with exposure times of
(a) 500 ms (b) 2000 ms and (c) 5000 ms. [68]

al. [73].

Figure 2.29 shows the distribution of etch pits on a commercially available type Ib HPHT

crystal without any further pre-treatment. It was shown that the etch pits had a non-uniform

distribution. Some etch pits were distributed across the surface, but the majority of etch

pits were aligned along polishing lines. It was assumed that polishing lines were introducing

subsurface damage, which promoted the formation of etch pits and defects.

the growth of this plate the substrate had a center–edge morphology
but the process was stopped just as the substrate was starting to stick
out of the pocket. Hence the final substrate had only a very slight
edge to center growth. These Normaski images have been taken
with the same magnification. The difference in the color of the

three images arise from the change in the rotation of the Wollaston
prism which only changes the color of obtained images without
affecting the actual features observed under the microscope. To
provide an estimate of the etch pit density of the substrates grown
in a pocket holder, first etching experiments were conducted on an
as-received and cleaned HPHT seed to check the initial etch pit den-
sity i.e. possible propagating defects into the newly grown CVD sub-
strate. Since all CVD substrates discussed in this paper have been
grown on such as-received seeds which have been etched for an
hour, the etch pits observed on the surface of the seed due to the
mechanical polishing damage were also considered to calculate the
etch pit density. As seen in Fig. 9(a), a large number of the etch pits
on the seed appear to be concentrated in and around the polishing
grooves on the surface. The average etch pit density of such HPHT
type Ib seeds was calculated to be ~1.36 × 105 cm−2.

Table 2
List of etched as-grown CVD SCD substrates and CVD SCD plates discussed in Sections
3.2.5–6.

Substrate name Pressure
(Torr)

Etching time
(hours)

ft (sccm) Ts (°C) Pinc (kW)

SN058–01C 240 1 400 1003–1014 1.9
SN086–01 240 1 400 1028–1047 1.7
GYJ153 240 1 400 1020–1031 1.6
GYJ153–sideCVD–02 240 1 400 1028–1032 1.6

Fig. 9. (a) Etched surface of a representative type Ib HPHT seed (SN086–01). The etched (b) center and (c) one edge of a representative 287 μm thick CVD SCD plate (SN058–01C). (For
interpretation of the references to color in this figure, the reader is referred to the web version of this article.)
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Figure 2.29 Etched surface of a representative type Ib HPHT seed. [68]

Etch pit densities were found to be in the region of 1.4× 105 cm−2 for HPHT crystals

and were reduced to 3.7× 103 cm−2 for CVD grown films. Visualization of the distribution

of etch pits on CVD grown films found that the etch pits appeared to be preferentially found

near the edge of individual growth steps. Similar observations were made for films grown

using heteroepitaxy [74, 75].
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2.4.4 Recent results from LIMHP - CNRS, France

Recent work at LIMHP - CNRS was focused on substrate engineering to achieve a reduction

in the defect density of the CVD grown diamond material. This has been achieved throughout

three different approaches:

2.4.4.1 Pyramidal shaped substrates

Tallaire et al. [76] polished conventional {100}-oriented HPHT seed crystals into pyramidal

shaped substrates with angles between 10 and 30°. The concept was inspired by the findings

of Bauer et al. [77], who showed that it is more energetically favorable for dislocations to

follow the <110> direction, if the off-axis angle is more than 10° towards the <100> direction.

The schematic of two different realizations of pyramidal substrates were shown in Figure 2.30.

Hence there is a strong need for developing a process that helps
growing millimetre-thick CVD diamond crystals with a reduced dislo-
cation density. In this paper it is proposed that the substrate's shape
can be engineered in such a way that dislocations are deviated away
from the top (001) surface and so that the influence of sharp edges
of the substrate on both dislocation generation and unepitaxial defect
formation is inhibited. Pyramidal-shape substrates with varying an-
gles and orientations were prepared and the results are discussed in
terms of achievable thickness and dislocation distribution.

2. Experimental details

Ib HPHT diamond substrates (3×3×1.5 mm3) having both their
lateral and top faces oriented along the {100} directions were used
(Fig. 1a). They were then polished into a pyramidal-shape for which
the lateral sides of the pyramid were inclined by an off-angle of 20°,
30° or 40° along either the {100} directions (type A substrates;
Fig. 1b) or the {110} directions (type B substrates; Fig. 1c); i.e. either
the lateral sides or the corners of the substrate. The square top of the

pyramid had an area of approximately 200×200 μm2. The angles and
dimensions of the pyramids were measured using confocal laser mi-
croscopy (CLM) (Keyence VK9700).

Diamond growth was carried out using plasma-assisted CVD onto
the pyramidal-shape substrates under our optimized growth condi-
tions [19]. These typically include a high plasma power density
(100 W/cm3), a temperature of around 850 °C and a methane con-
centration of 5%. Under these conditions the growth rates of the
(100), (111) and (113) crystallographic planes can be described by
the parameters α=1.8, β=1.1, and γ=4 [20]. The growth was
sometimes interrupted and resumed in order to observe the evolu-
tion of crystal shape.

The crystals were characterised by photoluminescence (PL) imag-
ing with a DiamondView™ equipment that uses near band-edge UV
light as an excitation source (around 225 nm). The crystal dimensions
were measured and Scanning Electron Microscopy (SEM) was also
used to observe the crystal shape with a large depth of field using a
ZEISS field effect gun system. To reveal dislocations, the samples
were etched inside the CVD reactor using H2/O2 plasma (98/2) at a

Fig. 1. Schematics of the initial diamond substrate before polishing (a) and of substrates polished into a pyramidal-shape (b) type A, 20° {100}-misoriented, (c) type B,
20° {110}-misoriented.

Fig. 2. Optical images and 3D representation of the sample grown onto 20° {100}-misoriented pyramidal-shape substrate after several growth interruptions. The total thickness of
the CVD layer is (a) 90 μm, (b) 270 μm, (c) 500 μm.
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Figure 2.30 Schematics of the initial diamond substrate before polishing (a) and of substrates
polished into a pyramidal-shape (b) type A, 20° {100}-misoriented, (c) type B, 20° {110}-
misoriented. [76]

SCD growth was performed using 5 % methane and an absorbed power density of

100 W cm−3 (this corresponded to a process pressure of ≈ 180 Torr [70]). The overall concept

is, that lateral growth in the <110>, <111> and <113> orientations were occurring simultane-

ously with the vertical growth in the <100> direction. The progress of the lateral overgrowth

for increasing vertical film thickness was shown in Figure 2.31. Successful overgrowth was

demonstrated, but in order to recover the entire surface area as much as 1.75 mm of vertical
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growth was required for an misorientation angle of 30° along the <110> direction.

Hence there is a strong need for developing a process that helps
growing millimetre-thick CVD diamond crystals with a reduced dislo-
cation density. In this paper it is proposed that the substrate's shape
can be engineered in such a way that dislocations are deviated away
from the top (001) surface and so that the influence of sharp edges
of the substrate on both dislocation generation and unepitaxial defect
formation is inhibited. Pyramidal-shape substrates with varying an-
gles and orientations were prepared and the results are discussed in
terms of achievable thickness and dislocation distribution.

2. Experimental details

Ib HPHT diamond substrates (3×3×1.5 mm3) having both their
lateral and top faces oriented along the {100} directions were used
(Fig. 1a). They were then polished into a pyramidal-shape for which
the lateral sides of the pyramid were inclined by an off-angle of 20°,
30° or 40° along either the {100} directions (type A substrates;
Fig. 1b) or the {110} directions (type B substrates; Fig. 1c); i.e. either
the lateral sides or the corners of the substrate. The square top of the

pyramid had an area of approximately 200×200 μm2. The angles and
dimensions of the pyramids were measured using confocal laser mi-
croscopy (CLM) (Keyence VK9700).

Diamond growth was carried out using plasma-assisted CVD onto
the pyramidal-shape substrates under our optimized growth condi-
tions [19]. These typically include a high plasma power density
(100 W/cm3), a temperature of around 850 °C and a methane con-
centration of 5%. Under these conditions the growth rates of the
(100), (111) and (113) crystallographic planes can be described by
the parameters α=1.8, β=1.1, and γ=4 [20]. The growth was
sometimes interrupted and resumed in order to observe the evolu-
tion of crystal shape.

The crystals were characterised by photoluminescence (PL) imag-
ing with a DiamondView™ equipment that uses near band-edge UV
light as an excitation source (around 225 nm). The crystal dimensions
were measured and Scanning Electron Microscopy (SEM) was also
used to observe the crystal shape with a large depth of field using a
ZEISS field effect gun system. To reveal dislocations, the samples
were etched inside the CVD reactor using H2/O2 plasma (98/2) at a

Fig. 1. Schematics of the initial diamond substrate before polishing (a) and of substrates polished into a pyramidal-shape (b) type A, 20° {100}-misoriented, (c) type B,
20° {110}-misoriented.

Fig. 2. Optical images and 3D representation of the sample grown onto 20° {100}-misoriented pyramidal-shape substrate after several growth interruptions. The total thickness of
the CVD layer is (a) 90 μm, (b) 270 μm, (c) 500 μm.
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Figure 2.31 Optical images and 3D representation of the sample grown onto 20° {100}-
misoriented pyramidal-shape substrates after several growth interruptions. The total thickness
of the CVD layer is (a) 90 µm, (b) 270 µm, (c)500 µm. [76]

Etch pit analysis was performed to verify a reduction in defect density. Results were

shown in Figure 2.32. It was shown, that the center part has the highest etch pit density.

This corresponded to the area, which was unaffected by the off-axis engineering. Hence,

the formation of dislocations was not suppressed. The successful reduction of dislocations

everywhere else was clearly visible.

2.4.4.2 Self-assembling platinum masks

Naamoun et al. [78] used platinum nanoparticles to selectively mask of existing defects

in order to prevent them from propagating. The schematic procedure was illustrated in

Figure 2.33. First, defects were revealed by applying an H2/O2 plasma to open up etch pits.

Afterwards, a 30 nm thick layer of platinum was deposited using MOCVD. Then, thermal
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4. Dislocation propagation direction and distribution:

In order to observe dislocation propagation, the CVD crystal
grown in 3 successive runs shown in Fig. 2 was laser cut along the
b100> direction into a 1 mm-thick slice as shown in Fig. 5a. On the
PL image of Fig. 5b the 2 growth interruptions are clearly visible leav-
ing blue lines parallel to the surface. These are related to preferential
uptake of impurities such as boron, nitrogen and silicon at the
growth resumption as previously reported [26]. In the magnified PL
image of Fig. 5c, inclined dark blue streaks that correspond to the lu-
minescence originating from dislocations are visible. It is clear that
the lateral faces of the engineered substrate has successfully changed
the propagation direction of threading dislocations from b100> to a
direction close to b110> which is consistent with the results
reported by Davies et al. [16].

In order to reveal dislocations and evaluate their distribution an-
other CVD film, 750 μm-thick, was grown onto a 20° type A substrate
in a single run in order to avoid the formation of defects due to
growth interruptions and subsequently H2/O2 plasma etched. In
Fig. 6, the central part of the crystal exhibits a high etch-pit density
indicating that many dislocations have thread straight through the
CVD layer from the top square of the pyramid. The other part of the
crystal around the central square shows a reduced etch-pit density.
It is believed that the growth onto pyramidal-shape substrates
helped decreasing dislocation density because of two main reasons:
first, dislocations were deviated towards the edges of the crystal and
could no longer emerge at the surface; second the absence of sharp
edges which for cubic-shape substrates are an efficient source of

dislocations. In fact the imprint of the substrate edges usually re-
vealed as a square contour by etching could not be seen in this
case. Nevertheless a frame of etch-pits can be distinguished around
the central square indicating that the boundary between 2 growth
sectors acts as an efficient source of dislocations (see Fig. 6b). Despite
this promising result, the dislocation content remains high and fur-
ther work is required to evaluate more precisely the improvement,
using heavier techniques such as combined X-Ray topography and
Transmission Electron Microscopy (TEM).

The CVD filmwas then prepared into a freestanding plate by remov-
ing the substrate. The film exhibited high transparency (Fig. 7a). By PL,
no evidence of nitrogen-related centres was found (normally leading to
red emission) but a dim blue luminescence around the central square
corresponding to the top of the pyramid was observed (Fig. 7b).
Cross-polarisers analysis showed that stress has built-up around this
square leading to the appearance of a bright cross (Fig. 7c). Hence by
using this growth technique, thicker CVD single crystals with lower dis-
location density can be obtained although the initial presence of the
pyramid led to a heterogeneous distribution of stress and defects in
the final crystal. The growth history of the crystal can be evidenced
using luminescence techniques such as the DiamondView™.

5. Variation of the pyramid's off-angle and orientation:

CVD diamond growth was also carried out on substrates presenting
off-angles of 20, 30 and 40° both along the b100> (type A) and b110>
directions (type B). The films were grown at the same normal rate

Fig 5. (a) Sketch of the pyramidal-shape substrate and CVD film. The 2 laser-cut planes perpendicular to the surface are shown. (b) Complete PL image of the sliced sample and
(c) magnified region.

Fig. 6. (a) Image of a 750 μm-thick CVD film grown onto 20° {100}-misoriented pyramidal-shape substrate after plasma etching to reveal dislocations. (b) Magnified area in the
centre illustrating that there is a central square with a much higher etch-pit density.
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Figure 2.32 (a) Image of a 750 µm-thick CVD film grown onto 20° {100}-misoriented pyramidal-
shape substrate after plasma etching to reveal dislocations. (b) Magnified area in the centre
illustrating that there is a central square with a much higher etch-pit denisty. [76]

annealing in a H2 plasma was carried out to form nanoparticles in the etch pits, hence

selectively masking them. CVD growth on the masked material was carried out and another

etch pit analysis was carried out to evaluate the impact of the platinum mask.

3. Results and discussion

3.1. Metallic film deposition

Low solubility with carbon, high melting point and low adhesion
with the diamond surface were the main reasons for the choice of
platinum as a metallic mask. This ensured that carbide formation was
inhibited with minimum interaction between the particles and the dia-
mond film while dewetting could be easily achieved.

MOCVD also provides substantial advantages over traditional tech-
niques such as sputtering or thermal evaporation. It usually leads to
higher quality andmore conformal layers with minimal contamination.
Adsorbed precursor molecules diffuse on the surface until they find an
attachment point where they decompose. First experiments were
carried out on smooth HPHT substrates to get an estimation of the de-
posited thickness and to optimize the deposition parameters of Pt. Con-
tinuous and homogenous filmswere obtainedwhich showed a granular
structure (Fig. 3a). In order to check the conformity of the layers, a
30 nm thin metallic layer was then deposited on a previously H2/O2

plasma etched HPHT substrate. Fig. 3b shows that the platinum film
fully covers the etch-pits visible on the surface.

3.2. Formation of metallic nanoparticles

After the thin film deposition optimization, the third step consisted
in a thermal annealing under H2 plasma in order to form metallic

nanoparticles. Various studies have been conducted on the dewetting
of metal films with comparable thicknesses and have indicated a
minimum annealing temperature of 600 °C [24,25,34,35]. Metals
with a high solubility for carbon (Ni, Co, Fe…) have also been
found to play a catalytic effect leading to anisotropic etching of the
surface [36,37]. On the basis of these studies, an annealing temper-
ature range between 600 °C and 900 °C and a short annealing time
of 5 min to up to 1 h were chosen.

Fig. 4a to c shows SEM images of dewetting of the Pt thin film as a
function of H2 plasma duration. Platinum island size decreases progres-
sively while their shape changes from elongated to round. After about
30 min, they reach a stable size which also depends on the initial thick-
ness of the Pt layer as illustrated in Fig. 4d. This is consistentwith results
reported by Janssen andGheeraert [35].When this process is carried out
on previously etched HPHT substrates, metallic platinum islands tend to
be located inside EP. It is thus possible to obtain a perfect match be-
tween platinum islands and EP (Fig. 4e). In fact Basu et al. [34] have re-
ported that the surface topography plays an important role in the
dewetting process of gold layers on alumina. In order to minimize
their surface tension droplets remain located in concave regions leading
to a very anisotropic dewetting as compared to flat surfaces for which
metallic particle position is rather random. Another factor that may
play an important role in our case is the fact that EP decorates surface
defects of the crystal. It is expected that during MOCVD deposition,
the metallic precursor will preferentially decompose at such defects
and that film adhesion will be improved as compared to a defect-free

Fig. 2. Procedure used to selectively mask substrate defects with metallic nanoparticles in an attempt to decrease dislocation densities. Step 1 aims at revealing extended defects at the
crystal surface by an adapted etching treatment. Step 2 is the coating of the surface by a thin CVD platinum film. Step 3 is a thermal treatment so that nano-particles self-assemble to
the etch-pits on the surface. Step 4 is the PACVD diamond overgrowth to embed Pt particles. Step 5 is a final etching treatment to reveal and count extended defects. The full process
can be repeated several times to improve its efficiency as illustrated by the red arrow.

Fig. 3. SEM observations of continuous platinum film (~30 nm) deposited by MOCVD on HPHT diamond substrates: (a) smooth surface with no etching and (b) rough surface after H2/O2

plasma treatment.
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Figure 2.33 Procedure used to selectively mask substrate defects with metallic nanoparticles
in an attempt to decrease dislocation densities. Step 1 aims at revealing extended defects at
the crystal surface by an adapted etching treatment. Step 2 is the coating of the surface by a
thin CVD platinum film. Step 3 is a thermal treatment so that nano-particles self-assemble to
the etch-pits on the surface. Step 4 is the PACVD diamond overgrowth to embed Pt particles.
Step 5 is a final etching treatment to reveal and count extended defects. The full process can
be repeated several times to improve its efficiency as illustrated by the red arrow. [78]

Figure 2.34 showed the experimental procedure adapted by Naamoun et al. [78] to
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evaluate the efficiency of the selective masking of defects using platinum nanoparticles. Three

consecutive growth steps of 80 µm each were performed on a test sample, which was masked

off in between steps and an unprocessed reference samples.

range of substrates since it is well known that defects can greatly vary
from one substrate to another. This experiment is schematically de-
scribed in Fig. 6.

All the samples were observed after each etching step and the
resulting final morphology is shown in Fig. 7a and b. EP densities were
measured and averaged in several places on the samples and the results
are reported in Fig. 7c and d for the test and reference samples respective-
ly. Masking with metallic particles appeared to have decreased EP densi-
ties by almost a factor of 10 although the results can change slightly
depending on the sample considered. In contrast, we notice a continuous

increase in EP density up to a factor of about 6 on the reference sample
after each successive growth. This is consistent with our previous report
that has pointed out that growth resumptions come along with surface
roughening and incorporation of impurities at each interface [33], leading
to the formation of newdislocations.We also note that eventually EP den-
sities tend to the same value even though the process was applied to dif-
ferent substrates thus reducing the dispersion in defect density among
HPHT substrates used. Nevertheless the total dislocation density in the
crystal remains close to or below 106 cm−2 which is still a fairly high
value, as compared to HPHT substrates indicating that the process was

Fig. 6. Schematic representation of the experiments carried outwhich consist of 3 successive growth runswith a thickness of about 80 μm. (a) Samples A to Ewere etched andmaskedwith
metallic nanoparticles at each step following the procedure described in Fig. 2. (b) The reference sample F was etched but notmasked coatedwith Pt. Finally a short etching run aiming at
revealing dislocations was performed leading to the appearance of etch-pits at the surface.

Fig. 7. Laser microscope image of the surface of the CVD layers after 3 successive growth and etching to reveal dislocations for (a) one of the samples that underwent the masking
procedure, (b) the reference sample with no masking. The evolution of etch-pit density averaged on the sample surface after each treatment is also reported for the test sample
(c) and for the reference sample (d).
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Figure 2.34 Schematic representation of the experiments carried out which consist of 3
successive growth runs with a thickness of about 80 µm. (a) Samples A to E were etched
and masked with metallic nanoparticles at each step following the procedure described in
Figure 2.33. (b) The reference sample F was etched but not masked coated with Pt. Finally
a short etching run aiming at revealing dislocations was performed leading to the appearance
of etch-pits at the surface. [78]

Results of the experiment were shown in Figure 2.35. It is well known, that already

existing dislocations in the seed crystal will propagate further into the CVD grown material

and that almost all of the new dislocations are formed in the interlayer between the seed and

the newly grown material [79, 80]. This was verified in the behavior of the untreated reference

sample, where the defect density was increasing for every consecutive growth step. The initial

etch pit density was ≈ 1× 106 cm−2 and increased to ≈ 6.5× 106 cm−2. In contrast, the

etch pit density for the masked CVD films decreased and consolidated at ≈ 5× 105 cm−2.

The vastly reduced etch pit density for the film masked with platinum nanoparticles was

visually verified in the optical images of Figure 2.35. The use of platinum nanoparticles

seemed a good method to limit the propagation of defects, but its effectiveness seemed to be
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limited due to the formation of some new dislocations during consecutive growth steps.

range of substrates since it is well known that defects can greatly vary
from one substrate to another. This experiment is schematically de-
scribed in Fig. 6.

All the samples were observed after each etching step and the
resulting final morphology is shown in Fig. 7a and b. EP densities were
measured and averaged in several places on the samples and the results
are reported in Fig. 7c and d for the test and reference samples respective-
ly. Masking with metallic particles appeared to have decreased EP densi-
ties by almost a factor of 10 although the results can change slightly
depending on the sample considered. In contrast, we notice a continuous

increase in EP density up to a factor of about 6 on the reference sample
after each successive growth. This is consistent with our previous report
that has pointed out that growth resumptions come along with surface
roughening and incorporation of impurities at each interface [33], leading
to the formation of newdislocations.We also note that eventually EP den-
sities tend to the same value even though the process was applied to dif-
ferent substrates thus reducing the dispersion in defect density among
HPHT substrates used. Nevertheless the total dislocation density in the
crystal remains close to or below 106 cm−2 which is still a fairly high
value, as compared to HPHT substrates indicating that the process was

Fig. 6. Schematic representation of the experiments carried outwhich consist of 3 successive growth runswith a thickness of about 80 μm. (a) Samples A to Ewere etched andmaskedwith
metallic nanoparticles at each step following the procedure described in Fig. 2. (b) The reference sample F was etched but notmasked coatedwith Pt. Finally a short etching run aiming at
revealing dislocations was performed leading to the appearance of etch-pits at the surface.

Fig. 7. Laser microscope image of the surface of the CVD layers after 3 successive growth and etching to reveal dislocations for (a) one of the samples that underwent the masking
procedure, (b) the reference sample with no masking. The evolution of etch-pit density averaged on the sample surface after each treatment is also reported for the test sample
(c) and for the reference sample (d).
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Figure 2.35 Laser microscope image of the surface of the CVD layers after 3 successive growth
and etching to reveal dislocations for (a) one of the samples that underwent the masking
procedure, (b) the reference sample with no masking. The evolution of etch-pit density
averaged on the sample surface after each treatment is also reported for the test sample (c)
and for the reference sample (d). [78]

2.4.4.3 Lateral growth over a macroscopic hole

Tallaire et al. [81] modified the concept of the pyramidal seed substrates and demonstrated

SCD deposition and overgrow using a diamond seed with a macroscopic hole. The schematic

concept of the hole and the lateral overgrowth were illustrated in Figure 2.36. Similar to the

use of pyramidal substrates, the lateral overgrowth was deflecting defects. Defect propagation

into the CVD grown film occurred only on top of the initial seed frame as illustrated in
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Figure 2.37, where the black lines illustrated the propagation of defects.
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a confinement of dislocations in lateral sectors or their ter-
mination onto free surfaces. Reduction of dislocation den-
sities in different heterosystems such as Ge/Si or GaAs/Si 
was obtained with ART.[34,35] Only a few attempts were made 
to adapt these strategies to diamond and they were mainly 
restricted to the specific heteroepitaxial growth system of dia-
mond on iridium[36,37] in which dislocation densities can be up 
to 1010 cm−2. Naamoun et al. have also explored the possibility 
of blocking TDs in homoepitaxial layers using metallic nano-
particles but the effect remained limited.[38] Moreover, it is par-
ticularly challenging to find an adapted mask material that had 
low reactivity with diamond and could sustain the harsh plasma 
conditions involved in high power CVD diamond growth. In 
this work, the proposed approach is inspired from that used in 
other semiconductor materials and aims at providing a reliable 
method for growing low defect density diamond single crystals.

Standard 3 × 3 mm² cubic-shape [100] HPHT Ib substrates 
were hollowed out using a Nd:yttrium aluminum garnet laser 
frequency doubled at 532 nm to create a square-shape through 
hole (Figure 1a) with 2 × 2 mm² dimensions. Following the 
cutting procedure, the crystal was submitted to acid cleaning 
and an H2/O2 plasma etching treatment in order to remove 
any defects and graphite residues left by the laser. Growth of 
a thick layer was then carried out using a high plasma density 

CVD reactor under optimized growth conditions reported else-
where[39] (and available in the Supporting Information). High 
purity H2 (N90) and CH4 (N60) gases were used which ensure 
that the final crystal contains an extremely low amount of 
impurities, in particular nitrogen (N typically below 5 ppb). The 
growth lasted for 112 h, resulting in a final thickness of 980 µm 
(i.e., normal growth rate of 8.75 µm h−1). It is noticeable that the 
central hole completely disappeared, leaving a top surface free 
of any unepitaxial defects (Figure 1b and Video S1 (Supporting 
Information)). The central part is smooth with macrosteps 
bunched preferentially along [110] directions at the edges. The 
UV photoluminescence (PL) image of Figure 1c shows, by 
transparency, the green luminescence from the pierced HPHT 
substrate. Red luminescence associated with the presence of 
nitrogen-vacancy (NV) centers is almost undetectable, which is 
a good indication of the high-purity of the film. Defect-related 
blue luminescence is however visible particularly at the four 
corners. Schematics illustrating the growth of the sample in 
top-view and cross-section are presented in Figure 1d–f at the 
beginning, before, and after merging of the growth fronts. By 
stopping the run earlier on another sample, we found that lat-
eral growth from the hole also proceeded along the [110] direc-
tions (i.e., the corners of the hole), leading to an apparent 45° 
“rotation” of the shrinking hole (see Figure 1e and Figure S2 
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Figure 1. Thick CVD diamond layer grown on a HPHT diamond substrate hollowed out by a large hole. a) Optical image of the substrate, b) laser 
microscope, and c) UV photoluminescence images of the sample after CVD growth. Scale bars are 1 mm. Top-view and cross-section schematics 
illustrating the growth of the CVD layer (blue) on the HPHT substrate (yellow) at the d) beginning, e) before, and f) after merging of the growth fronts 
and disappearance of the hole. The blue dotted square indicates the full CVD plate that can be retrieved from the sample. The crystalline directions are 
indicated for the top-view. g) Calculation of the minimum growth thickness required for disappearance of the hole for different hole size and lateral to 
normal growth rate ratios (with a normal growth rate of 8.75 µm h−1). The particular experimental case described here is highlighted by a black arrow.

Figure 2.36 Thick CVD diamond layer grown on a HPHT diamond substrate hollowed out by
a large hole. Top-view and cross-section schematics illustrating the growth of the CVD layer
(blue) on the HPHT substrate (yellow) at the d) beginning, e) before, and f) after merging of
the growth fronts and disappearance of the hole. The blue dotted square indicates the full
CVD plate that can be retrieved from the sample. The crystalline directions are indicated
for the top-view. [81]
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(Supporting Information). The lateral growth rate (GRlat) was 
about 2.5 times higher than the normal growth rate (GRnorm) 
(i.e., GRlat > 20 µm h−1). After merging, growth occurred ver-
tically from the entire surface of the crystal, allowing a high-
quality plate as highlighted by the dotted blue square of 
Figure 1f to be obtained. Based on these observations, we cal-
culated the minimum thickness (or growth time) required to 
obtain full merging of the growth fronts, i.e., the time after 
which a full CVD plate can be grown and later retrieved. The 
results are reported in Figure 1g and highlighted with a black 
arrow for our particular experiment. It took around 600 µm (or 
less than 72 h of growth) to obtain merging of the growth fronts 
for a 2 × 2 mm2 hole. Having a larger hole would obviously 
require longer times. By changing the growth conditions, such 
as temperature, methane concentration, or total flow, it should 
be possible to increase the lateral to normal growth rates ratio 
(GRlat/GRnorm) above 2.5 and reduce the merging time. As an 
illustration, the minimum thickness required is also plotted for 
ratios of 2.5, 3.5, and 4.5 for different hole sizes. In the case of 
a ratio of 4.5, disappearance of a 2 mm hole could be obtained 
after less than 400 µm of growth (i.e., less than 2 d).

In order to study TD propagation in the crystal, another 
sample was grown to a thickness of 700 µm on a substrate with 
a smaller 1.5 × 1.5 mm2 hole. A 1 mm thick cross-section slice 
was then laser cut parallel to the [100] lateral faces in the center 
of the sample and polished. Low-temperature (110 K) CL meas-
urements were performed in the positions (1–4) indicated on 
the PL UV image of Figure 2a. CL images provided in Figure 2b 
were acquired at the free-exciton (FE) emission wavelength 

of 235 nm. Dislocations behave as very efficient nonradiative 
recombination centers for FE and thus appear with a dark con-
trast on the images.[40] It is striking that the region near the 
surface situated above the hole (1) shows no visible dislocation 
contrary to that directly above the HPHT substrate (2) for which 
a large density of straight vertical black lines are detected. To 
further elucidate TD propagation, we acquired images at the 
merging point (3) and at the corner near the substrate/layer 
interface (4). At the initial growth stage, dislocations originating 
from the corner of the substrate are inclined along [110] but 
quickly reorient along either the [001] or [010] directions. Even-
tually, all TDs preferentially propagate vertically or horizontally 
until they reach the top or lateral facets onto which they can ter-
minate. This left the “wing” of the crystal where lateral growth 
occurred almost free of dislocations. The region where merging 
of the growth fronts from the sides of the hole occurred, 
appears defective (dark triangle in image (3) of Figure 2b) but 
it does not behave as an efficient source of extended defects in 
the epitaxial film as judged by the absence of dark lines above 
it. Schematic drawing tentatively illustrating the propagation 
direction of TDs in the crystal with the “dislocation-free” area 
highlighted by a red square is given in Figure 2c.

At the center of images (1–3), CL spectra were acquired in 
the UV–visible range (Figure 2d). One can clearly note the 
emission from the recombination of FE assisted by transverse 
optic phonons and their 2nd and 3rd order replica noted as 
X. Their strong intensity is consistent with a high crystalline 
quality with no emission from nitrogen impurities (NV center 
expected at 575 nm) and only weak emission from silicon 
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Figure 2. Analysis of the cross-section of a CVD layer grown on a HPHT substrate hollowed out by a large hole. a) PL UV image of the cross-section with 
the four regions of interest noted (1–4). b) CL UV images acquired at a wavelength of 235 nm in the four regions. Scale bars are 20 µm. c) Schematics 
illustrating the observed propagation direction of dislocations (yellow: HPHT, blue: CVD, red square: dislocation-free area). d) CL spectra acquired from 
regions (1–3) and where free-exciton emission and their replica are noted as X and defect bands highlighted by blue arrows.

Figure 2.37 Schematics illustrating the observed propagation direction of dislocations (yellow:
HPHT, blue: CVD, red square: dislocation-free area). [81]

The reduction of defects using a seed with a macroscopic hole were quantified with etch

pit analysis. The SCD grown over the original frame area had a much higher etch pit density

to a point where the frame dimensions were indentifiable by the etch pit distribution as shown

in Figure 2.38. The defect density in the center (Figure 2.38 c) was found to be 2× 103 cm−2.
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impurities (silicon-vacancy center at 737 nm). 
The presence of point and extended crystal 
defects is evidenced by several large bands 
indicated by blue arrows. The exact nature 
of defects involved in these emissions is not 
clear yet and would require further investi-
gation. Nevertheless, despite their contribu-
tion being high in the region where merging 
of the growth fronts occurred (3), they are 
almost undetectable further away, near the 
surface in (1) and (2). In fact, these defect-
related bands are even slightly weaker above 
the hole than above the HPHT substrate. 
This confirms improvement of the crystal in 
that area.

To quantitatively assess TD density and 
distribution, we etched the first sample using 
an H2/O2 plasma (98/2). This treatment 
aims at revealing dislocations emerging at 
the surface by generating inverted pyram-
idal etch-pits.[41] The density of these fea-
tures in the center was found to be around 
2 × 103 cm−2, while it was at least an order 
of magnitude higher in the region above the 
substrate (Figure 3a–c). It confirms again 
that lateral growth was efficient to reduce 
threading dislocation propagation in the 
CVD layer. We note that this mechanism 
also applies to the edges of the crystal that 
were grown laterally from the seed and that 
indeed show a comparably reduced disloca-
tion density (Figure 3a). This value is one 
of the lowest obtained for CVD growth on a 
standard type Ib substrate for which densi-
ties of the order of 104–106 cm−2 are usually 
reported. It is slightly higher but comparable 
to that obtained with high quality/high cost 
type IIa substrates (around 400 cm−2).[27] Further decrease of 
the dislocation density would probably be achievable using an 
optimized surface preparation procedure such as an improved 
surface polishing of the substrate, for example.

Eventually, the substrate was detached by laser-cutting and 
the resulting CVD film was polished into a 300 µm thick free-
standing plate. The PL UV image where the position of the sub-
strate is indicated by dashed white lines, shows only light blue 
luminescence in Figure 3d. The plate was observed under cross-
polarizers (Figure 3e). The central part of the crystal shows only 
limited birefringence with a low number of cross-shape disloca-
tion-related features. On the other hand, the region outside the 
dotted square, i.e., located above the substrate, exhibits much 
stronger birefringence. This indicates that lateral growth over 
the hole has improved the optical properties of the CVD crystal. 
It agrees well with the observed reduction of TD density in the 
central part above the macrohole.

In summary, the control of TDs in synthetic semiconductor 
materials and in particular in diamond remains an important 
challenge that strongly limits its use in several applications 
by affecting the optical and electronic properties. To elimi-
nate TDs, we have proposed the use of low-cost type Ib HPHT 

diamond substrates hollowed out by a large macroscopic hole 
as an alternative to the use of exceptional quality and costly 
diamond seeds. Drilling a through-hole in diamond can be car-
ried out relatively easily since laser technologies for processing 
diamond crystals in particular for jewelry are nowadays well-
established. Dislocations were found to propagate preferentially 
perpendicularly from the pierced substrate with a [001] or [010] 
line (as expected for common 45° mixed or edge dislocations) 
so that they could terminate either on the surface above the 
substrate or at the side facets below the merging point. The 
laterally grown central sector thus contained a fairly limited 
amount of dislocations (around 2 × 103 cm−2). The size of the 
low-dislocation region could be increased by enlarging the mac-
rohole, provided that larger substrates are used and that growth 
is sustained for a sufficiently long time. The optical proper-
ties of the crystal grown under these conditions were found to 
be improved as compared to standard material and exhibited 
reduced birefringence. Low birefringence crystals are of high 
value for applications as Raman lasers or X-ray optics in which 
the strain field generated by dislocations strongly modifies the 
light wavefront that passes through it. In addition, low disloca-
tion density diamond crystals could provide an ideal platform 
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Figure 3. Laser microscope images of the CVD film grown on a HPHT substrate with a mac-
rohole after plasma etching to reveal dislocations: a) full-size image showing the underlying 
square substrate, b,c) zoomed into the regions above the substrate and above the hole, respec-
tively. Scale bars are 100 µm. d) PL UV image of the freestanding CVD diamond plate. e) Bire-
fringence image of the freestanding plate under cross-polarizers. The position of the edges of 
the removed substrate is indicated by white dashed squares.

Figure 2.38 Laser microscope images of the CVD film grown on a HPHT substrate with
a macrohole after plasma etching to reveal dislocations: a) full-size image showing the
underlying square substrate, b,c) zoomed into the regions above the substrate and above the
hole, respectively. Scale bars are 100 µm. [81]

The use of pyramidal shaped seed crystal resulted in a smaller area with high defect density

due to vertical growth compared to the use of a seed with a macroscopic hole. Unfortunately,

this small area was in the center of the grown film, while it was on the outside areas in the

approach using a macroscopic hole. Additionally, the effort of making pyramidal shaped seeds

using mechanical polishing required much more effort than making a seed with macroscopic

hole, which only required laser cutting. It seems, that a combination of both approaches, i.e.

first using the macroscopic hole, then using a pyramidal shape to eliminate the remaining

defects from the initial frame, could result in a uniform reduction of defect density.

41



2.4.5 Prokhorov General Physics Institute Royal Academy of Sci-

ence, Russia

The Prokhorov General Physics Institute, Royal Academy of Science is using a ARDIS-100

MPCVD reactor from Optosystems with a 5kW power supply [82]. The dielectric window in

this reactor design is below the substrate holder in order to separate the quartz from the

discharge region.

Bolshakov et al. [83] studied diamond deposition in gas mixtures with high methane

concentrations resulting in soot formation. The operating pressure was 130 Torr without

argon addition and 200 Torr when 20 % argon was added. Substrate temperatures were

between 950 and 980 ◦C. Methane concentrations studied were between 2 and 18 %, both

without and in the presence of 20 % argon. Overall flow rates were 500 sccm without, and

625 sccm, with argon addition. When increasing the methane concentration the formation of

soot starts to form between 6 and 10 % methane. The optical image of such a sooty plasma

was shown in Figure 2.39. The dominance of the orange soot corona was clearly detectable.

The addition of argon was necessary as the formation of high amounts of soot caused the

plasma to become unstable in a pure CH4/H/2 plasma.

The growth rate a function of the methane concentration without and with the presence of

argon was studied and resulting growth rates for methane concentrations between 2 and 15 %

were shown in Figure 2.40. Growth rates up to 105 µm h−1 were reported. The growth rate

was increasing with increasing methane concentration as expected. Additionally, it was shown

that the growth rates with argon addition were more than doubled. It was demonstrated

before that the addition of 20 % and more of argon was an efficient way of increasing the

growth rate [84]. The process pressure was simultaneously increased by 50 % when the argon
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where Δt is exposition time during spectrum measurement. The num-
ber of counts N for each spectral channel of the spectrometer for the ex-
position time is:

N ¼ βNp ¼ IλβΔt
hc

ð3Þ

where β is coefficient of optical efficiency of registration system. ThenN
can be written after substituting I from (1) to (3) as:

N ¼ βε
2πcSΔt

λ4 exp
hc

kBλT

! "$1

dλ ð4Þ

By converting the Eq. (4) to a dimensionless form and taking a loga-
rithm, the Eq. (5) is obtained,

ln ANλ4
# $

¼ ln
2πβε

exp
hc

kBλT

0

BB@

1

CCA ð5Þ

which is further reduced to Eq. (6) by substitutionC2 ¼ hc
kB

and A ¼ 1
cΔtSdλ

to get:

ln ANλ4
# $

¼ $ C2

λT
þ ln 2πkεð Þ ð6Þ

Then, in Wien coordinates y= ln(ANλ4) ,x=C2/λ) the black body
emission intensity is a straight line:

y ¼ $ 1
T
xþ ln 2πβεð Þ ð7Þ

and the black body temperature Ts is found from the line slope.
Preliminary it was found that the plasma remains transparent for

visible radiation as was deduced from measurements of transmission
of semiconductor laser beam (λ = 653 nm) through the plasma cloud
with high concentration of soot (the laser beam intensity decreased
not more than by 5% when passed 2 mm above the diamond film),
thus the OES technique was judged to be correct to probe any zone of
the plasma.

A series of the spectra were recorded to measure the temperature Ts
distribution along the X axis (in parallel to the substrate surface) and
along Z axis (perpendicularly to the substrate surface). The X-profile
was obtained at the distance Z = 12 mm from the substrate (Fig. 5),
where the center of the plasma, the most hot region, is located. In the
CH4/H2 mixture with low (3%) methane content, at 130 Torr and
2.9 kW power, the temperature Ts = 3400 ± 300 K was evaluated in
this region, reducing down to 2400 K at X = 20 mm. The width
(FWHM) of the Ts profile is ΔX0.5 = 50 mm.

Emission intensities profiles IHα(X), averaged on the line-of-sight,
along the Y direction crossing plasma at specified positions on X were
measured with the same optical system (at Z = 12 mm). The X-
profile for Hα intensity, also shown in Fig. 5, has a Gaussian shape
with FWHM of 18 mm, much narrower than for Ts distribution. Since
upper level of the Hα line is excited by electron impact, the intensity

Fig. 3. Photographs of plasma in CH4/H2 gas mixture (a) and in CH4/H2/20%Ar mixture (b,c,d) with methane content of 4% (a, b) and 15% (c,d). The other process parameters are: micro-
wave power P=3.0 kW, pressure p=130Torr, total gas flowrate 500 sccm in CH4/H2mixture (a), and 3.0 kW, 200 Torr, 625 sccm(b,c,d) in CH4/H2/20%Ar. The orange emission from soot
is seen in side-view (c) and top-view (d) of the same plasma cloud. The white dashed elliptical contour in image (a) denotes half maximum brightness level used to measure the plasma
volume and MW power density (300 W/cm3 for the particular regime).

Fig. 4.OES spectra for the plasma (frombottom to top): in H2/O2(2%) at 70 Torr, CH4(4%)/H2

at 130 Torr, 500 sccm and Ar(20%)/CH4(4%)/H2 at 200 Torr, 625 sccm. Themicrowave power
P= 2.6 kW. Note the absence of a continuous emission (pedestal) for H2/O2 plasma. Inset:
the emission spectrum for Ar(20%)/CH4(4%)/H2 corrected to spectral sensitivity of the spec-
trometer (solid line - 1) and Planсk dependence for black body emission at T = 3370 К
(dashed line - 2).

Fig. 5. Spatial profiles for Ts (full circles) and Hα intensity (open circles) along X axis at the
distance Z=12mmabove the substrate in 3%CH4/H2mixture (p=130 Torr, 500 sccm, P=
2.9 kW). The line for Ts is a guide for eye, and the line for I(Hα) is approximation by a
Gaussian.
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Figure 2.39 Photographs of plasma in CH4/H2 gas mixture (a) and in CH4/H2/20 %Ar
mixture (b,c,d) with methane content of 4 % (a,b) and 15 % (c,d). The other process
parameters are: microwave power P = 3.0 kW, pressure p = 130 Torr, total gas flow rate
500 sccm in CH4/H2 mixture (a), and 3.0 kW, 200 Torr, 625 sccm in CH4/H2/20 %Ar. The
orange emission from soot is seen in side-view (c) and top-view (d) of the same plasma cloud.
The white dashed elliptical contour in image (a) denotes half maximum brightness level
used to measure the plasma volume and MW power density (300 W cm−3 for the particular
regime). [83]

series was recorded by Bolshakov et al. [83]. Hence, the independent effects of the argon

addition and the pressure increase are impossible to quantify.

covered the front surface of the diamond face, while the convection
losses were considered negligible). Then, the thermal conductivity
was calculated as k(T) = D(T)ρC(T), were ρ and C(T) are the mass den-
sity and specific heat of diamond, the latter tabulated in [21].

3. Results and discussion

3.1. Growth rate

The dependences of growth rate on CH4 percentage in gas are
plotted in Fig. 2 for the processes in H2-CH4 and Ar-H2-CH4 mixtures.
For Ar-free environment the growth rate increases from 3 μm/h to
60 μm/h with methane increase from 2% to 15%. When 20% Ar was
admixed the growth rate was systematically higher, by a factor of 2–4,
increasing up to 105 μm/h at 15%CH4. The growth rate enhancement
with Ar addition can be attributed to increase in the plasma tempera-
ture [5] and, in a part, by pressure increase, while the effect of increase
of flow rate from 500 to 625 sccmwas negligible in the present experi-
mental conditions. We note, that the growth rates achieved are at the
level of the highest ones reported so far [3,9] with or without nitrogen
addition in gas. All samples remained transparent (see inset in Fig. 2).
Also, we were able to further increase the growth rates to ≈120 μm/h
at even higher CH4 content (18%) with Ar added, but by the cost of
the SC quality, in particular, a wide area with noneptaxial inclusions
could appear in such regime.

3.2. Optical emission spectroscopy

The shape, dimensions and color of the plasma significantly
depended on growth regime chosen. The photographs in Fig. 3 show
the appearance of the plasma cloud formed in CH4/H2 (Fig. 3a) and
CH4/H2/20%Ar (Fig. 3b,c,d) mixtures. The emission became more
green when Ar was added in CH4/H2 mixture at methane percentage
kept at 4% (compare Fig. 3a and b).With increase inmethane concentra-
tion in CH4/H2/20%Ar a soot generation becomes noticeable owing to in-
tensive orange emission. As an example, Fig. 3(c,d) demonstrate the
plasma cloud surrounded by an orange halo as observed through the
sidewindow (Fig. 3c) and though the topwindow (Fig. 3,d) upon depo-
sition at CH4 content of as high as 15%. The plasma emission image now
is more complex and exhibits three zones (from center to edge): the
bright-green plasma core with radius r ≈ 5 mm, a dark strip (r ≈ 6–
10 mm) and the outer orange halo (r ≈ 10–20 mm), which extends

towards the reaction chamber top. This orange zone corresponds to
thermal emission of soot particles [14].

The photographs were taken through quartz viewport of reactor
using a fixed position of camera (Nikon D60) and the exposure was se-
lected to avoid brightness saturation of the plasma image. The line cor-
responding to half maximum brightness for picture in Fig. 3 (see white
ellipse) was determined, and the dimensions (ΔX0.5 = ΔY0.5 and ΔZ0.5)
of this ellipse was used to calculate volume and average density of MW
power in the discharge. This approach gives reproducible values for
power density even with simple photographs. A more complicated
method using spectroscopy measurements was also applied to assess
the plasma size (see below).

Typical OES spectra for the plasma in CH4(4%)/H2 at 130 Torr and Ar
(20%)/CH4(4%)/H2 at 200 Torr are shown in Fig. 4. The atomic hydrogen
lines Hα (656.5 nm), Hβ (486.1 nm), Hγ (434.1 nm) of Balmer series,
three strong С2 Swan systems and the relatively weak CH band
(431.4 nm and 432.4 nm) are present in the spectra. For comparison
purposes the spectrum for H2/O2(2%) plasma is shown (bottom
spectrum in Fig. 4), recorded in the course of 2 h process of diamond
substrate etching before the diamond growth starts.

The plasma temperature can be determined from the OES measure-
ments in different ways. Particularly, the approaches can be based on:
(i) Doppler broadening of Hα line [22,23] (this requires, however, in-
strumentation with a high spectral resolution); (ii) the fine structure
of C2 system (spectral resolution of at least Δλ = 0.02 nm is needed
[24]); and (iii) the shape of continuous spectrum (pedestal), often ob-
served in the gas mixtures enriched with Ar and/or CH4 [25]. We ob-
served the pedestal in the spectrum even at low (4%) CH4 content in
CH4/H2 mixture without Ar addition (note the absence of a pedestal of
a continuous emission for H2/O2 plasma in Fig. 4). The addition of Ar re-
sults in a more intense continuous pedestal, this is accompanied with
appearance of orange halo around the plasma core (Fig. 3c,d). When
CH4 concentration exceeds 10% the halo tends to expand and its color
becomes more intensive. The presence of the halo is related to soot
formed in the plasma [14], that also deposits on the reactor walls and
components. If the soot particles are assumed to be in thermal equilib-
rium with the gas, the soot temperature Ts can be used to estimate the
gas temperature (more correctly, this concerns the periphery zone of
the plasma where the soot is mostly located). The soot emits a continu-
ous spectrum overlapping the line spectrum from the atoms and mole-
cules in plasma, so the gas temperature can be evaluated by comparison
of the pedestal characteristicswith black body emission [25,26], and it is
this approach, the spectral pyrometry, we used in the present work.

The continuous spectrumhas been corrected to the spectral sensitiv-
ity of HR4000 spectrometer, that drops sharply beyond 400–800 nm
wavelength range. This should be performed by the signal calibration
with an emission source with known spectrum (see, for example [27].
We used the incandescent bulb (SIRSH-6-40) with tungsten strip, that
provided the emission spectrum corresponding to color temperature
of Tс = 2840 K. The spectrometer calibration has been performed for
480–650 nmwavelength range.

According to the spectral pyrometry approach [26,27] Planck's law
for black body spectral emission in Wien region (hc/(kBλT)N N 1) can
be written as:

I ¼ ε
2πhc2S

λ5 exp
hc

kBλT

! ""1

dλ; ð1Þ

where ε is emissivity (ε ≈ 1 for soot), dλ is spectral width of a single
channel of the spectrometer, λ is wavelength, h and kB are Planck's
and Boltzmann constants, respectively, S is the surface area of black
body, с is the speed of light. As the spectrometer registers a number of
photons with energy hν, the intensity I can be expressed with photon
number Np:

I ¼ Np hνð Þ=Δt ¼ Nphc=λΔt ð2Þ

Fig. 2.Dependence of growth rate for SC diamond as function ofmethane concentration in
gas mixtures CH4/H2 at 130 Torr, 500 sccm (circles) and Ar (20%)/CH4/H2 at 200 Torr, 625
sccm (squares). Inset: a collection of SC CVD diamond plates separated from the substrate
and polished. The lines are guides for eye.
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Figure 2.40 Dependence of the growth rate for SC diamond as function of the methane
concentration in gas mixtures CH4/H2 at 130 Torr, 500 sccm (circles) and Ar (20 %/CH4/H2
at 200 Torr, 625 sccm (squares). Inset: a collection of SC CVD diamond plates separated
from the substrate and polished. The lines are guides for eye. [83]

The growth of high quality SCD material was demonstrated. The inset of Figure 2.40

showed several free standing CVD plates with thickness up to 1 mm, which appeared optically
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transparent and colorless. Raman spectroscopy showed FWHM values of the diamond peak of

1.8 cm−1 verifying high crystalline quality [31]. Anyway, it was reported that the crystalline

quality decreases for increasing methane concentrations, particularly for 18 %.

One key limitation, which was not discussed in great detail by Bolshakov et al. [83],

was the excessive formation of soot when operating the reactor in a sooty regime, i.e. they

reported that over a deposition period of 1.5 h a total growth of 100 µm SCD material was

achieved, but at the same time 250 µm of soot formed on the substrate holder and the chamber

walls. The excessive amount of soot formation is a limiting factor of how long the reactor

can be operated before soot is overgrowing onto the seed, as well as soot flakes falling off the

walls and holder onto the seed. This limiting factor can been identified in their report of how

the thick SCD plates were grown: They report on individual growth times of 100 h. This

corresponds to much more modest growth rates of 10 µm h−1. Based on Figure 2.40 growth

rates of 10 µm h−1 can already be achieved with methane concentrations of 5 % without the

addition of argon. This means, that the reactor was operated in a non-sooty regime when

bulk plates and high quality material was grown and the sooty regime does not seem suitable

for long time deposition experiments.

Bushuev et al. [85] equipped the reactor used by Bolshakov et al. [83] with a Michelson

interferometer, which allowed to monitor the diamond thickness in situ using laser interferom-

etry. This allowed to get feedback on the growth rate while diamond deposition was carried

out, but also on the reactor dynamic, i.e. how long is the time interval between an input

parameter is changed and the growth rate was adjusted accordingly.

The SCD growth was performed at a process pressure of 130 Torr and a total flow rate

of 500 sccm. Using an incident power level of 3.0 kW resulted in a substrate temperature

of 930 ◦C. The methane concentration was varied between 8 and 17 %. Figure 2.41 showed
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the development of the SCD thickness throughout their entire study, where a total of 82 µm

of diamond was grown. When the methane concentration is increase the growth rate was

stabilizing within a few minutes and remained constant afterwards as shown in Figure 2.41

(b).

Figure 2.42 replotted the growth rate determined in Figure 2.41 and illustrated it as

a function of methane concentration. A linear increase of the growth rate with increasing

methane concentration was measured. Additionally, the inset in Figure 2.42 showed an

optical photograph of the interaction between the plasma discharge and the seed crystal. The

formation of a boundary layer between the discharge core and the substrate was detectable.

Analogous to increasing the methane concentration Figure 2.43 studied the dynamic

reactor behavior when the methane is turned off at the end of an ongoing growth experiment.

Bushuev et al. [85] found that diamond growth at a much lower rate occurred for around

10 min before the overall diamond thickness started to decrease linearly indicating removal

of diamond by H2 plasma etching. Their anticipated etch rate was 432 nm h−1 based on an

etching duration of 17 min.

Bushuev et al. [86] utilized the previously introduced in situ measurement of the growth

rate using a Michelson interferometer [85] to perform an in situ field mapping of the multi

variable input parameter space for SCD deposition. The process pressure was 130 Torr.

Methane concentrations were varied between 1 and 13 %. Substrate temperatures were

between 850 and 1100 ◦C. Input power levels were between 1.8 and 3.3 kW to regulate the

substrate temperature.

Figure 2.44 showed the dependency of the growth rate from the methane concentration

for a fixed substrate temperature. It was shown that the growth rate increased linear with

the increase of methane. Figure 2.45 reversed the correlation of Figure 2.44 by analyzing
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slopes. The nd value increases from 527 μm to 723 μm for 4 h growth,
corresponding to the CVD diamond film thickness d increment of
about 82 μm.

The growth rate kinetics R = d(dn/n0)/dt obtained by differentiat-
ing the dn(t) plot in Fig. 3a, and dividing it by n0 = 2.40, is displayed
in Fig. 3b. The growth rate of 14.5 μm/h at 8%CH4 enhances up to
33 μm/h at 17%CH4. The growth rate is almost constant at each steady
state process at fixed CH4 percentage in gas, steeply rising upon the
next methane addition. The transition time from one growth regime
to another takes about 8 min, corresponding to the characteristic time
for gas exchange in the reactor chamber. The produced sample was an

optically transparent (“white”) multilayer single crystal film with the
entire thickness of 82 μm, the thickness of individual layer varied from
9 to 21 μm.

The growth ratemonotonically increaseswith CH4 percentage in gas
as shown in Fig. 4 where the data from Fig. 3b are re-plotted. This trend
is similar (going in parallel, yet somewhat lower) to that observed, with
ex situ thickness evaluation [23], for synthesis of thick (few hundredmi-
crons) SC diamonds in the sameCVD system, but at the higher substrate
temperature of 950–980 °C.

Fig. 3. (a) Dynamics of optical thickness nd of diamond sample vs deposition time with
stepped changes in CH4 content. The moments of plasma “On” and “Off” are indicated
by bold vertical arrows. The time intervals of the fixed methane flow are separated by
vertical dashed lines, and the respective CH4 percentage in H2 is indicated by horizontal
arrows. The sample is cooled down to R.T. after switching off the plasma. The signals
before the CH4 adding and after plasma switch off correspond to the temperature
depended nd changes only, without any diamond growth. (b) Growth rate vs deposition
time calculated by differentiation and smoothing of the measured curve nd (t). The
dashed lines at the start (end) of the kinetics reflect the heating (cooling) processes.

Fig. 4. In situmeasured diamond growth rate vs CH4 percentage in H2–CH4mixture. Inset:
a photograph of the substrate (red) and plasma cloud in the course of diamond growth.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. The diamond optical thickness nd vs time at the end of the growth process. The
dashed vertical line at t = 259 min shows the moment of shut down of the CH4 flow.
The reduction in nd indicates diamond etching. The straight red line is the linear least
squares fit, determining the etch rate. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

86 E.V. Bushuev et al. / Diamond & Related Materials 66 (2016) 83–89

Figure 2.41 (a) Dynamics of optical thickness nd of diamond sample vs deposition time with
stepped changes in CH4 content. The moments of plasma On and Off are indicated by bold
vertical arrows. The time intervals of the fixed methane flow are separated by vertical dashed
lines, and the respective CH4 percentage in H2 is indicated by horizontal arrows. The sample
is cooled down to R.T. after switching off the plasma. The signals before the CH4 adding and
after plasma switch off correspond to the temperature dependent nd changes only, without
any diamond growth. (b) Growth rate vs deposition time calculated by differentiation and
smoothing of the measured curve nd (t). The dashed lines at the start (end) of the kinetics
reflect the heating (cooling) processes. [85]

the dependency of the growth rate from the substrate temperature for a fixed methane

concentration. The maximum growth rate for a methane concentration of 1 % was found to
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slopes. The nd value increases from 527 μm to 723 μm for 4 h growth,
corresponding to the CVD diamond film thickness d increment of
about 82 μm.

The growth rate kinetics R = d(dn/n0)/dt obtained by differentiat-
ing the dn(t) plot in Fig. 3a, and dividing it by n0 = 2.40, is displayed
in Fig. 3b. The growth rate of 14.5 μm/h at 8%CH4 enhances up to
33 μm/h at 17%CH4. The growth rate is almost constant at each steady
state process at fixed CH4 percentage in gas, steeply rising upon the
next methane addition. The transition time from one growth regime
to another takes about 8 min, corresponding to the characteristic time
for gas exchange in the reactor chamber. The produced sample was an

optically transparent (“white”) multilayer single crystal film with the
entire thickness of 82 μm, the thickness of individual layer varied from
9 to 21 μm.

The growth ratemonotonically increaseswith CH4 percentage in gas
as shown in Fig. 4 where the data from Fig. 3b are re-plotted. This trend
is similar (going in parallel, yet somewhat lower) to that observed, with
ex situ thickness evaluation [23], for synthesis of thick (few hundredmi-
crons) SC diamonds in the sameCVD system, but at the higher substrate
temperature of 950–980 °C.

Fig. 3. (a) Dynamics of optical thickness nd of diamond sample vs deposition time with
stepped changes in CH4 content. The moments of plasma “On” and “Off” are indicated
by bold vertical arrows. The time intervals of the fixed methane flow are separated by
vertical dashed lines, and the respective CH4 percentage in H2 is indicated by horizontal
arrows. The sample is cooled down to R.T. after switching off the plasma. The signals
before the CH4 adding and after plasma switch off correspond to the temperature
depended nd changes only, without any diamond growth. (b) Growth rate vs deposition
time calculated by differentiation and smoothing of the measured curve nd (t). The
dashed lines at the start (end) of the kinetics reflect the heating (cooling) processes.

Fig. 4. In situmeasured diamond growth rate vs CH4 percentage in H2–CH4mixture. Inset:
a photograph of the substrate (red) and plasma cloud in the course of diamond growth.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. The diamond optical thickness nd vs time at the end of the growth process. The
dashed vertical line at t = 259 min shows the moment of shut down of the CH4 flow.
The reduction in nd indicates diamond etching. The straight red line is the linear least
squares fit, determining the etch rate. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

86 E.V. Bushuev et al. / Diamond & Related Materials 66 (2016) 83–89

Figure 2.42 In situ measured diamond growth rate vs. CH4 percentage in H2-CH4 mixture.
Inset: a photograph of the substrate (red) and plasma cloud in the course of diamond growth.
[85]

be below 800 ◦C and increased to 950 ◦C for 4 % CH4. On the other hand, it was observed,

that the growth rate kept increasing with increasing substrate temperatures were 7 % and

higher. Additionally, the slope of the growth rate increase increased with CH4 concentration.

This is in accordance with Lu et al. [31] who found, that the optimum substrate temperature,

which resulted in the highest growth rate, is a function of the methane concentration at a

given pressure and increases with the methane concentration.

The dependence of the growth rate from the substrate temperature became especially

critical for low methane concentrations, i.e. 1 %, where Bushuev at al. [86] reported that the

diamond was actually etched.

Additionally, Bushuev et al. [86] introduced a different method of estimating the discharge

volume and microwave power density. They took an optical image of the discharge using

a Hα filter to only record the emission of atomic hydrogen as shown in Figure 2.46. Then,

intensity analysis of the image was performed and 50 % of the maximum Hα was defined as
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slopes. The nd value increases from 527 μm to 723 μm for 4 h growth,
corresponding to the CVD diamond film thickness d increment of
about 82 μm.

The growth rate kinetics R = d(dn/n0)/dt obtained by differentiat-
ing the dn(t) plot in Fig. 3a, and dividing it by n0 = 2.40, is displayed
in Fig. 3b. The growth rate of 14.5 μm/h at 8%CH4 enhances up to
33 μm/h at 17%CH4. The growth rate is almost constant at each steady
state process at fixed CH4 percentage in gas, steeply rising upon the
next methane addition. The transition time from one growth regime
to another takes about 8 min, corresponding to the characteristic time
for gas exchange in the reactor chamber. The produced sample was an

optically transparent (“white”) multilayer single crystal film with the
entire thickness of 82 μm, the thickness of individual layer varied from
9 to 21 μm.

The growth ratemonotonically increaseswith CH4 percentage in gas
as shown in Fig. 4 where the data from Fig. 3b are re-plotted. This trend
is similar (going in parallel, yet somewhat lower) to that observed, with
ex situ thickness evaluation [23], for synthesis of thick (few hundredmi-
crons) SC diamonds in the sameCVD system, but at the higher substrate
temperature of 950–980 °C.

Fig. 3. (a) Dynamics of optical thickness nd of diamond sample vs deposition time with
stepped changes in CH4 content. The moments of plasma “On” and “Off” are indicated
by bold vertical arrows. The time intervals of the fixed methane flow are separated by
vertical dashed lines, and the respective CH4 percentage in H2 is indicated by horizontal
arrows. The sample is cooled down to R.T. after switching off the plasma. The signals
before the CH4 adding and after plasma switch off correspond to the temperature
depended nd changes only, without any diamond growth. (b) Growth rate vs deposition
time calculated by differentiation and smoothing of the measured curve nd (t). The
dashed lines at the start (end) of the kinetics reflect the heating (cooling) processes.

Fig. 4. In situmeasured diamond growth rate vs CH4 percentage in H2–CH4mixture. Inset:
a photograph of the substrate (red) and plasma cloud in the course of diamond growth.
(For interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 5. The diamond optical thickness nd vs time at the end of the growth process. The
dashed vertical line at t = 259 min shows the moment of shut down of the CH4 flow.
The reduction in nd indicates diamond etching. The straight red line is the linear least
squares fit, determining the etch rate. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Figure 2.43 The diamond optical thickness nd vs time at the end of the growth process. The
dashed vertical line at t = 259 min shows the moment of shut down of the CH4 flow. The
reduction in nd indicates diamond etching. The straight red line is the linear least square fit,
determining the etch rate. [85]

the boundary of the plasma. Then, the plasma volume was calculated using an elliptical

approximation.

Absorbed power densities were calculated by dividing the experimental absorbed power

level with the discharge volume estimated using the image analysis as described in Figure 2.46.

The results were plotted in Figure 2.47. Overall absorbed power densities were found to be

between 250 and 450 W cm−3. The absorbed power density decreased with increasing overall

absorbed power levels as well as with increased methane concentrations.

Overall the work of Bushuev et al. [85, 86] has a promising potential of optimizing the

feedback loop with respect to growth conditions by monitoring the diamond growth in situ

using a Michelson interferometer instead of determining the growth rate after a multiple
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monitored effective thickness increment refers to the growth tempera-
ture, rather than to RT. The “hot” growth rate exceeds the “cold” (ex situ)
growth rate by a value of ΔG = ⟨α⟩ × ΔT × G, where ΔT = Ts − 25 °C,
and ⟨α⟩ ≈3 × 10−6 K−1 is the thermal expansion coefficient for dia-
mondaveragedover the temperature rangeΔT. This differenceΔG relat-
ed to thermal expansion is, however, quite small (~0.3%), and we
neglect it in further consideration.

Temperature dependences of growth rateG(T) for different CH4 con-
tents in process gas reveal several trends as shown in Fig. 3. First, the
maximum growth rate at given Ts increases with addingmore methane
in gas. Second, at low CH4 contents a maximum in G(T) at certain tem-
perature Tmax is observed: for 4% CH4 it is seen at 950 °C, and for 1% CH4

it lies below 800 °C. Third, the G(T) plots for moderate CH4 concentra-
tions (7 and 10%) demonstrate a different pattern: the growth rate
strongly and monotonically increases with Ts, with indication to a satu-
ration or maximum near 1150 °C, while no sign of such saturation can

be seen for G(T) curve for the most methane-reach mixture (13%
CH4). This observation is in agreement with the data of Lu et al. [9],
who found the maximum growth rate to occur at T N 1150 °C at meth-
ane contents of 5–7%.We conclude that the growth rate can be strongly
improved by optimizing the substrate temperature. The maximum in
growth rate occurs due to two factors. First, at high temperatures de-
sorption of CH3 and C2H2 species becomes more rapid, and competes
with the carbon incorporation reactions, as follows from diamond
growth process simulation [35]. Second, the G(T) dependence decline
is aggravated by enhanced etching by atomic hydrogen of the plasma
at high temperatures. Interestingly, for 1% CH4 the etching effect pre-
vails at T N 1000 °C, so the net decrement in the film thickness was re-
vealed, and negative growth rate was observed (the results on etching
in pure H2 plasma see in more detail onward in Fig. 7).

By vertical sections of the curves on G(T) in Fig. 3 the data have been
re-plotted to demonstrate growth rate dependence on methane con-
centration in gas at different Ts (Fig. 4). For any CH4 percentage, from
the 1% to the highest, 13%, theG(CH4) increasesmonotonically. Recently
[15], we reported the growth rate vs CH4 content at fixed Ts = 965 ±
15 °C using the same ASRDIS-100 system and ex situ thicknessmeasure-
ment. The present result (the data for 950 °C in Fig. 4) agrees very well
with the previously obtained G(CH4) dependence (see also Fig. 5), par-
ticularly, the growth rate is 43 μm/h and 45 μm/h at 13% CH4 for ex situ
and in situ measurements, respectively, in the independent growth
events.

It's instructive to compare the achieved maximum growth rates
(within the temperature range explored in present work) at different
CH4 contents with those obtained at a fixed Ts. Fig. 5 compares the
maximum growth rate Gmax as function of CH4 content (as deduced
from Fig. 3) with the growth rates achieved at 950–980 °C (this temper-
ature is optimized for 4% CH4) at the same pressure p=130 Torr in our
previous study [15], with very similar other process parameters. By ap-
propriate choice of the substrate temperature it's possible to almost
double the growth rate compared to that at the fixed Ts, especially for
the gas mixtures enriched with methane. The growth rate as high as
82 μm/h is achieved at the 13% CH4 by increasing the temperature to
1147 °C.

Fig. 3.Dependence of growth rate on substrate temperatureG(T) at different CH4 contents
in gas mixture. Note the net etching for 1% CH4 at Ts N 1000 °C.

Fig. 4. Dependence of growth rate on methane concentration in gas at different substrate
temperatures.

Fig. 5. Dependence of maximum growth rate Gmax on CH4 content in gas (squares). The
corresponding temperature Tmax for Gmax is indicated for each data point. The measured
G(%CH4) plot at fixed substrate temperature 965 ± 15 °C and p = 130 Torr [15]
(circles) is shown for comparison.

64 E.V. Bushuev et al. / Diamond & Related Materials 72 (2017) 61–70

Figure 2.44 Dependence of the growth rate on methane concentration in gas at different
substrate temperatures. [86]

monitored effective thickness increment refers to the growth tempera-
ture, rather than to RT. The “hot” growth rate exceeds the “cold” (ex situ)
growth rate by a value of ΔG = ⟨α⟩ × ΔT × G, where ΔT = Ts − 25 °C,
and ⟨α⟩ ≈3 × 10−6 K−1 is the thermal expansion coefficient for dia-
mondaveragedover the temperature rangeΔT. This differenceΔG relat-
ed to thermal expansion is, however, quite small (~0.3%), and we
neglect it in further consideration.

Temperature dependences of growth rateG(T) for different CH4 con-
tents in process gas reveal several trends as shown in Fig. 3. First, the
maximum growth rate at given Ts increases with addingmore methane
in gas. Second, at low CH4 contents a maximum in G(T) at certain tem-
perature Tmax is observed: for 4% CH4 it is seen at 950 °C, and for 1% CH4

it lies below 800 °C. Third, the G(T) plots for moderate CH4 concentra-
tions (7 and 10%) demonstrate a different pattern: the growth rate
strongly and monotonically increases with Ts, with indication to a satu-
ration or maximum near 1150 °C, while no sign of such saturation can

be seen for G(T) curve for the most methane-reach mixture (13%
CH4). This observation is in agreement with the data of Lu et al. [9],
who found the maximum growth rate to occur at T N 1150 °C at meth-
ane contents of 5–7%.We conclude that the growth rate can be strongly
improved by optimizing the substrate temperature. The maximum in
growth rate occurs due to two factors. First, at high temperatures de-
sorption of CH3 and C2H2 species becomes more rapid, and competes
with the carbon incorporation reactions, as follows from diamond
growth process simulation [35]. Second, the G(T) dependence decline
is aggravated by enhanced etching by atomic hydrogen of the plasma
at high temperatures. Interestingly, for 1% CH4 the etching effect pre-
vails at T N 1000 °C, so the net decrement in the film thickness was re-
vealed, and negative growth rate was observed (the results on etching
in pure H2 plasma see in more detail onward in Fig. 7).

By vertical sections of the curves on G(T) in Fig. 3 the data have been
re-plotted to demonstrate growth rate dependence on methane con-
centration in gas at different Ts (Fig. 4). For any CH4 percentage, from
the 1% to the highest, 13%, theG(CH4) increasesmonotonically. Recently
[15], we reported the growth rate vs CH4 content at fixed Ts = 965 ±
15 °C using the same ASRDIS-100 system and ex situ thicknessmeasure-
ment. The present result (the data for 950 °C in Fig. 4) agrees very well
with the previously obtained G(CH4) dependence (see also Fig. 5), par-
ticularly, the growth rate is 43 μm/h and 45 μm/h at 13% CH4 for ex situ
and in situ measurements, respectively, in the independent growth
events.

It's instructive to compare the achieved maximum growth rates
(within the temperature range explored in present work) at different
CH4 contents with those obtained at a fixed Ts. Fig. 5 compares the
maximum growth rate Gmax as function of CH4 content (as deduced
from Fig. 3) with the growth rates achieved at 950–980 °C (this temper-
ature is optimized for 4% CH4) at the same pressure p=130 Torr in our
previous study [15], with very similar other process parameters. By ap-
propriate choice of the substrate temperature it's possible to almost
double the growth rate compared to that at the fixed Ts, especially for
the gas mixtures enriched with methane. The growth rate as high as
82 μm/h is achieved at the 13% CH4 by increasing the temperature to
1147 °C.

Fig. 3.Dependence of growth rate on substrate temperatureG(T) at different CH4 contents
in gas mixture. Note the net etching for 1% CH4 at Ts N 1000 °C.

Fig. 4. Dependence of growth rate on methane concentration in gas at different substrate
temperatures.

Fig. 5. Dependence of maximum growth rate Gmax on CH4 content in gas (squares). The
corresponding temperature Tmax for Gmax is indicated for each data point. The measured
G(%CH4) plot at fixed substrate temperature 965 ± 15 °C and p = 130 Torr [15]
(circles) is shown for comparison.
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Figure 2.45 Dependence of growth rate on substrate temperature G(T) at different CH4
contents in gas mixture. Note the net etching for 1 % CH4 at Ts>1000 ◦C. [86]

hour deposition process. While it is of academic interest, to demonstrate and evaluate the

diamond growth in a sooty regime [83] it remains questionable about how applicable those
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migration along the terrace of radicals participated in etching is taken
into account, the enthalpy change upon etchingwill depend on position
of carbon atom to be desorbed, at the edge of the step or in themidst of
surface terrace [35,41]. A further study of etching kinetics is needed to
elucidate the etching mechanism, in particular, at lower temperatures,
where the error in etch rate in our present measurement was signifi-
cant. The issue of a potential correlation between themeasured etching
rate and specific surface relief of SC diamond films could be an interest-
ing topic for a futurework. In thepresent experiment thiswas, however,
principally impossible since all the deposited layers, except the last one,
were buried.

3.5. Microwave power density

Themicrowave power density P/V determines elementary processes
and concentration of species in the plasma (assuming other parameters,
such as pressure, feed gases, to be fixed) [42]. A constancy (if takes
place) of the microwave power density (MWPD) upon the absorbed
power variation would suggest a stability of plasma chemistry and ra-
dials flux towards the growing diamond surface. This, in turn, would
give a ground to consider the observed temperature dependencies of
growth rate to be the result of solely surface chemistry, rather than of
a combined effect of the plasma chemistry and the substrate tempera-
ture variations. Indeed, Lu, et al. [9] found only weak dependence of
MWPD on the absorbed power in their bell-jar CVD system. When the
input power increased the discharge volume also increased, thereby
the MWPD value remained approximately constant, or decreased
slightly, demonstrating a kindof a self-consistent process. Herewemea-
sured the MWPD as function of absorbed power for different CH4 con-
centrations and observed a similar trend. The plasma volume was
evaluated by profiling atomic hydrogenHα line intensity on images cap-
tured with a digital mirror camera (Canon EOS 650D) through a Hα-fil-
ter, that passed only the Hα line emission in the plasma spectra. It was
necessary to save images as a RAW-data, that keep linearity in intensity
in the photo, and allowmeasurements of X and Z profiles for theHα line
emission. An approach to estimate MWPD from photographic plasma
images with Hα-filtering was described previously by Lobaev et al.
[45]. As an example, the plasma images in Hα emission at MW power
of 1.7 and 3.04 kW are displayed in Fig. 9. The plasma cloud expands
with the MW power increase, keeping elliptical shape. The X-profile
for IHα(X) was fit with a Gaussian profile, and similar Gaussian fitting
was found satisfactory for Z profile.

An Abel inversion procedure [43,44] was applied to the IHα(X) pro-
files in order to obtain the radial distribution of the local emissivity
IHα(R), which turned out to have the Gaussian shape as well, with the
same width (FWHM) ΔX0.5. The comparison of experimental X and Z
profiles for Hα line and the corresponding Gaussian fits for the two mi-
crowave powers are demonstrated in Fig. 9.

Due to axial symmetry of chamber and discharge in Z direction the
emission spatial profile IHα(x,y,z) is described with a 3D Gaussian func-
tion (Y0.5 = X0.5):

IHα ¼ I0 " exp
− x2þy2

2s2x

! "

" exp
− z2

2s2z

! "

ð1Þ

where sx = X0.5/[2√(2ln2)], sz = Z0.5/[2√(2ln2)], and I0 = I0(0,0,0) is
the intensity in center of the plasma cloud, which is not necessarily
spherical. Then the plasma volume can be calculated by an ellipsoid for-
mula:

V ¼ π ΔX1=e
# $2 " ΔZ1=e=6 ð2Þ

where ΔY1/e = ΔX1/e = ΔX0.5/√(ln2) ≈ 1.44 × ΔX0.5 and ΔZ1/e =
ΔZ0.5/√(ln2) ≈ 1.44 × ΔZ0.5 are the widths corresponding to IHα

drop from maximum to I0/e level (e = 2.718). The power density P/V
dependences on adsorbed MW power for low (2%) and high (10%)
CH4 contents in gas are displayed in Fig. 10. The MWPD decreases
from ≈420 ÷ 490 to ≈300 W/cm3 with absorbed power increase in
the range of 1700 to 3000 W, with the similar trends for both 2% and
10% CH4 curves. The difference in MWPD for the two CH4 concentra-
tions is b20% within the MW power range explored. For moderate
and higher powers of 2400–3100 W the power density is almost
constant.

3.6. Plasma temperature

A further insight in MW power effect on plasma parameters has
been provided with gas temperature measurements in the central

Fig. 8. Arrhenius plot for etching rate in pure H2 plasma at p = 130 Torr.

Fig. 9. Photo of plasma through a Hα-filter (a) and (d) at different growth parameters
(CH4 = 2%; P = 1.7 and 3.04 kW, respectively). Appropriate profiles of Hα-intensity for
photo (a) is shown in X and Z direction shown by blue lines on (b) and (c); dashed red
lines on the profiles denote Gaussian fits. White dashed ellipse on (a) and (d) shown
area where Hα-intensity is equals to 0.5 × I(Hα)max. Green arrows on images and profile
(d) indicate position of the substrate. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Figure 2.46 Photo of the plasma through Hα-filter (a) and (d) at different growth parameters
(CH4 = 2 %, P = 1.7 and 3.04 kW, respectively). Appropriate profiles of Hα-intensity for
photo (a) i shown in X and Z direction shown by blue lines on (b) and (c); dashed red lines
on the profiles denote Gaussian fits. While dashed ellipse on (a) and (d) shown area where
Hα-intensity is equals to 0.5 x I(Hα)max. Green arrows on images and profile (d) indicate
substrate position. [86]

conditions are in the deposition of bulk diamond films or if a non-sooty regime will be required,

where an increase of the process pressure would be a more promising approach. Additionally,

SCD growth at such high methane concentrations will need further in-depth analysis of the

crystalline quality and defect density.
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region (horizontal cylinder with ≈10 mm diameter) of the plasma
cloud using OES. Typical panoramic low-resolution OES spectra for
CH4 concentrations of 2% and 10% are shown in Fig. 11. The most prom-
inent lines seen are the atomic hydrogen lines Hα (656.5 nm), Hβ

(486.1 nm), Hγ (434.1 nm) of Balmer series, four intensive dimerС2 sys-
tems (471.5, 516.5, 563.2 and 619.1 nm) and the relatively weak CH
band (431.4 nmand 432.4 nm) [46]. The atomic hydrogen lines strongly
reducedwith the adding ofmoremethane in the plasma,while C2 bands
demonstrate the opposite tendency.

The gas temperature was evaluated from intensity of dimer C2 Swan
system (d3Πg → a3Πu) in optical emission spectrum (band head at
516.5 nm) following the approach described by Gicquel et al. [30,31]
and Hemawan et al. [46]. The a3Πu state is metastable, while the d3Πg

level with energy 2.59 eV above the ground state, has a radiative life-
time of 120 ns [47,48]. Assuming a thermal equilibrium between rota-
tional levels, the emission is linked to the rotational temperature Trot
through Boltzmann's relation. We used this method as it allows a
rapid, direct and relatively accurate estimation of Trot. An example of
high resolution optical emission spectra is shown in Fig. 12.

The selected high resolution emission spectrum for C2 species in
Fig. 12 demonstrates quite good resolution in these measurements. To

identify J number for each line in the spectrum we used the well
known value Δλ for the shift between (0-0) band head and selected
line [49]. Assuming a thermal equilibrium between rotational levels,
the emission intensities are linked to the rotational temperature
through Boltzmann's relation:

Iem ! SJ0 J″ " exp
−hcB0

v J
0 J0 þ 1
! "

kBTrot

# $
ð3Þ

where Iem is intensity of individual lines, J′ is corresponding rotating
values for upper states of this lines, SJ'J″ is the Hönl–London factor for
this transition, Bv' is rotational momentum of C2 molecule in upper
state and kB, c and h are Boltzmann's constant, the light speed and
Plank's constant, respectively. The numerical values for SJ'J″ and Bv' =
1.755 cm−1 were taken from [50,49], respectively. The plot ln(Iem/SJ'J″)
vs J'(J'+1) gives the rotational temperature Trot of the upper state of
transition from the slope of linear fit [31]. We used a large number of
the lines in the interval of J′ from 24 to 47 to extend the energy range
and, thus, to improve the accuracy in Trot. For particular case of growth

Fig. 11. Panoramic low resolution OES spectra of H2 + CH4 plasma for 2% and 10% CH4 in
the wavelength range of 400–700 nm. Growth conditions: Q = 500 sccm, p = 130 Torr,
P = 3.0 kW. The spectra are shifted for clarity.

Fig. 12. High resolution optical emission spectrum for C2 species (10% CH4, Ts = 950 °C,
P = 2.93 kW) demonstrates good resolution of OES system. The (0-0) band head is
marked on the right site. The numbers above each line denote the corresponding J″(P22)
numbers. Δλ is the wavelength shift between (0-0) band edge and P22(J″ = 23) line.
The horizontal dashed line shows the level of dark noise (830 counts) of the spectrometer.

Fig. 13. Boltzmann's plot ln(Iem/SJ'J″) vs J′(J′+ 1) based on the data in Fig. 12 (CH4 = 10%,
P=2.93 kW). The circles are the experimental data, and the solid line is linear fit. The slop
gives gas rotational temperature Trot = 4140 ± 150 K.

Fig. 10. Left vertical axis: MW power density ρ = P/V vs absorbed MW power P at
concentrations 2% CH4 (full squares) and 10% CH4 (full circles) in H2. Right vertical axis:
rotational temperature in the core of plasma cloud measured from C2 emission
spectrum at 2% CH4 (open squares) and 10% CH4 (open circles). Pressure p = 130 Torr.
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Figure 2.47 Left vertical axis: MW power density ρ = P/V vs absorbed MW power P at
concentrations 2 % CH4 (full squares) and 10 % (full circles) in H2. Right vertical axis:
rotational temperature in the core of plasma cloud measured from C2 emission spectrum at
2 % CH4 (open squares) and 10 % CH4 (open circles). Pressure p = 130 Torr. [86]

2.5 Lift-Off process for SCD plates

A three stage process utilizing ion beam bombardment has been demonstrated for separation

of thin diamond films [87, 88, 89, 90, 91] and MEMS structures [92]. A schematic illustration

of the process is shown in Figure 2.48. First, irradiation with high energy ions, such as carbon

[88] or oxygen [87] ions, is used to locally destroy the lattice structure in a thin layer below

the surface. Then, the damaged region is annealed at temperatures exceeding 900 ◦C [88]

to transform the damaged layer below the diamonds’ top surface into graphite. Finally, the

graphite is removed through selectively etching the graphite.

Ion implantation is the highest-energy mode of possible ion-surface interactions and is

occuring exclusively at ion energies exceeding 150 keV. Thereby, the ions are penetrating

into the solid while interacting with the lattice atoms and electrons. Displacement of the

lattice atoms and creation of vacancies by inelastic collisions reduces the kinetic energy of
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2. Enlarging the seed crystal

The second problem is that there are no SCD wafers or blocks
available of a suitable size. For both Si and SiC, the area of the block can
be enlarged during growth [20] as shown on the left in Fig. 1(a).
However, the area of SCD tends to shrink during the growth,
especially when nitrogen is introduced into the system, as shown
on the right in Fig. 1(a) [21]. To enhance the growth rate of the {100}
direction and suppress the growth of abnormal directions at the top
surface of the substrate, small amounts of nitrogen are introduced into
the system [8,21]. This improves the repeatability of the growth, but
does not enlarge the area of the substrate. The substrate may be
enlarged by careful control of the alpha parameter. However, it is not
easy to maintain such a sensitive parameter for extended periods.
Mokuno et al. grew SCD blocks in several {100} directions as shown in
Fig. 1(b) [22]. After the growth of SCD on the b100N face [left hand
image in Fig. 1], the b010N side was polished. Then, additional SCD
layers were deposited on this surface [middle image in Fig. 1].
Repeating this process gave an enlarged seed [right hand image in
Fig. 1]. By using this method, a seed crystal a half-inch SCD was
fabricated [22].

3. Fabrication of the freestanding wafers

The third problem is that SCD is hard to process because it is very
delicate—SCD would shatter if you were to hit it. However, to use SCD
as a semiconductor material it must be processed into freestanding
wafers. This usually involves polishing and slicing techniques. Some
have removed the seed substrate by simply polishing it off, but for our
purpose the seed must be reused as many times as possible. One
method to remove the synthesized SCD layer from the seed crystal is
by laser cutting. The SCD can be sliced up with great precision using
stages equipped with goniometers and optimizing the focus of the
laser. However, losses increase for larger wafers when using this
technique. Therefore, a lift-off process employing ion beam implan-
tation [22–25] has been used to reduce losses. As shown in Fig. 2, a
high energy ion beam is injected onto the top surface of the substrate,
resulting in the formation of a graphitic layer beneath the top surface
[left two images in Fig. 2]. After this, an SCD layer is grown as normal
[third image from left in Fig. 2]. By selectively etching the graphitic
layer, the SCD layer is obtained as a freestanding wafer [right hand
image in Fig. 2]. Because the thickness of the graphitic layer and depth
of this layer from the top surface are very small, several micrometers

Seed crystal 

Homo-epitaxially 
grown layer 

Homo-epitaxially
grown layer 

Si and SiC                             Diamond  

(a)

<100> 

<100> <100> 

(b)

Fig. 1. (a, left) Enlargement of the area during the crystal growth as in the cases of Si and SiC. (a, right) Shrinking of the area during the crystal growth in the case of single-crystal-
diamond (SCD) due to introduction of nitrogen in the feedstock gas. (b) Three-dimensional-growth of SCD [20].

Fig. 2. Lift-off process with ion implantation; high energy ion beam is injected onto the top surface of the substrate, and graphitic layer is generated beneath the top surface [left two
in the figure]. After this process, SCD layer is grown onto the identical top surface [third from left in the figure]. By etching the graphitic layer selectively, we can obtain the SCD layer
as a freestanding wafer [right most in the figure].
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Figure 2.48 Schematic illustration of the individual steps of the lift-off procedure while
including an additional CVD diamond growth step. [93]

the incoming ions until they are completely stopped. Figure 2.49 illustrates typical ion

trajectories and the amount of damage by the interaction of ions with the crystal lattice. Ion

implantation in diamond is usally performed using light ions, i.e. carbon or oxygen. Hence,

most of the damage occurs at the end of the ion range within a thin layer at a controllable

depth [87] while leaving the top surface almost entirely unchanged. A whole range of ion

energies have been proven successful, i.e. Marchywka et al. [88] used 175 keV, Posthill et

al. [90] used 190 keV and Mokuno et al. [94] used 3 MeV carbon ions with individual doses

of 1× 1016 cm−2. On the other hand, Hunn et al. [89] used 5 MeV of oxygen ions with

individual doses of 1× 1016 cm−2. Carbon and oxygen ions are the most commonly used ions

for Lift-Off procedures. The use of carbon ions is obvious as diamond is sp3 oriented carbon.

The use of oxygen ions is inspired by the idea of embedding oxygen into the graphite, which

could be converted into carbon oxides [87]. Nevertheless, other elements, such as boron, have

been successfully used for graphitization as well [91, 95].

After ion implantation, the irradiated diamond is exposed to a high-temperature annealing

step around 900 ◦C in inert atmosphere such as argon or vacuum [88]. If sufficient amounts
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Figure 2.49 Trajectories and approximately damage created of light and heavy ions penetrating
through a diamond crystal.

of damage to the crystal structure had been introduced, the dislocated carbon atoms will

be recrystallized as graphite, the stable version of carbon under such conditions. The defect

density for ion beam induced graphitization in diamond is about 1× 1022 cm−3 [96]. This

corresponds to approximately 10 % of the carbon atoms being displaced from the diamond

lattice. If the threshold is not surpassed the local crystalline structure is intact enough to

allow the crystal to heal itself once exposed to said temperatures.

Three different methods have been proven successful in selectively removing the graphite:

(i) wet chemical etching of the diamond immersed in a hot acid solution, (ii) thermal oxidation

in a hot oxygen rich environment and (iii) electrochemical etching.

Wetchemical etching using a boiling acid mixture of hot chromic-sulfuric acid (CrO3/H2SO4)

has been demonstrated to etch graphite much faster than diamond [90]. Unfortunately, the
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slow etch rate limited by diffusion of the liquid in the narrow etch channel created and the

carcinogenic nature of the acid solution pose serious concerns to this approach.

Thermal oxidation is a technique based on placing the diamond in a oxygen rich environ-

ment at elevated temperatures. Selective etching of the graphite is achieved as graphite is

reacting into gaseous carbon oxides (CO, CO2) at around 550 ◦C while diamond should not

be oxidized below 600 ◦C [97]. Parikh et al. [87] demonstrated selective etching in a flowing

oxygen environment at 550 ◦C. When increasing the temperature to 600 ◦C, they reported

an increased etch rate of the graphite but etching of the diamond occurred. Additionally,

they have demonstrated that using oxygen ions instead of carbon ions significantly increased

the removal rate of the graphite. Posthill et al. [90] also demonstrated selective removal

of the graphite using a oxygen environment at 550 ◦C without etching the diamond. They

as well observed etching of the diamond when increasing the temperature to 600 ◦C. Tzeng

et al. [98] demonstrated separation at 600 ◦C. They did not comment if the diamond had

been etched throughout the procedure, but the optical micrograph provided in their figure 3

shows a rough surface morphology, which is an indicator, that the diamond got etched as

well. Locher et al. [99] successfully demonstrated selective etching of graphite using thermal

oxidation and flowing air rather than oxygen. They used 4.5 MeV oxygen ions, but reported

on ten times higher doses needed (at least 10× 1016 cm−2) for successful separation. This is

certainly attributed to the significantly lower oxygen content in air (approximately 20.95 %).

Electrochemical etching has been first demonstrated and subsequently been patented

by Marchywka [88]. The irradiated diamond is placed in an aqueous solution between two

electrodes, made out of platinum [88, 91] or graphite [90]. Different aqueous solutions have

been reported, such as chromic acid dissolved in distilled water [88] or pure deionized water

[90]. A DC electric field between the electrodes of 200 V is applied creating a current flow
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up to 100 mA [88]. The electric field causes a polarization of the graphite creating a virtual

anode and cathode on the sample [89]. Anodic oxidation reactions occur at the edge of the

conducting layer resulting in the selective removal of the graphite.

In the past, the Lift-Off procedure has been primarily used for separation of thin SCD

films, which would be too thin for mechanical processing. More recently, using Lift-Off as

separation method in the direct wafer technology [100] has been proven a key part in creating

cloned tiles [93], which are essential for the mosaic wafer approach. The process flow of the

direct wafer technology can be seen in Figure 2.50.

Figure 2.50 Process flow for the direct wafer technology. [100]

2.6 Homoepitaxial enhencement of SCD wafer dimensions

Silicon, currently the most used material in semiconductor manufacturing, is grown by the

single crystal pulling method, known as Czochralski process. Thereby a seed crystal is

immersed into a melt and pulled out while spinning around its axis [101]. More crystalline

material is growing onto the starter crystal and the lateral dimensions are increasing inside

the Czochralski furnace. A schematic of the process is shown in Figure 2.51. This method

supported the development of new generations of silicon-based electronics from the first
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transistor in 1947 [102] to devices with feature sizes close to 10 nm in 2015. Available wafer

sizes are as large as 12 inch. This fostered technological advances in silicon based electronics

so that integrated circuits can be made as cheap as for a few cents and as fast that physical

limitations of silicon are approached limiting further scaling capabilities.

Silicon carbide (SiC) based electronics is the next logical step in advancing elctronic

devices. One major concern with SiC is that it cannot be grown using the single crystal

pulling method limiting available wafer sizes. This issue was overcome by using a modified

Lely process [103], but the crystalline quality was not sufficient for electronics use. A suitable

alternative was the use of CVD for crystal growth. Performing homoepitaxy on SiC resulted

in the increase of lateral dimensions due to a mushroom type of growth [93]. SiC wafers of 6

inch are commercially available nowadays.

Figure 2.51 Schematic of a typical Czochralski furnace [104]

It would be desirable to utilize a similar mechanism to enhance the lateral dimensions
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during diamond growth. Unfortunately, no technological approach has been identified yet

for diamond, which ensures a significant improvement on the substrate dimensions while

remaining the crystalline quality. Contrary to that, the available diamond surface tends to

shrink during deposition [93]. The schematics illustrating the typical growth modes for Si/Sic

and diamond are shown in Figure 2.52.

Figure 2.52 (left) Enlargement of the area during growth in the case of Si and SiC, (right)
Shrinking of the area during crystal growth in case of single crystal diamond. [93]

Nevertheless, a few reports on enhancing the lateral dimensions during vertical growth were

reported so far. Tallaire et al. [46] reported that a diamond film grown on a 3.5 mm× 3.5 mm

substrate enhanced to 6.0 mm× 6.0 mm after undergoing a 45° rotation into the {110} orien-

tation. Such twinning usually results in the formation of internal stress up to the introduction

of cracks at the twinned edges [46]. Thus, utilizing twinning is not a useful approach of

increasing the lateral dimensions. Nad et al. [67] reported that SCD deposition using a

optimized pocket holder dimensions not only suppresses PCD formation, but enhance the

SCD lateral dimensions. An area enhancement to more than 2.5 times from 3.7 mm× 3.7 mm

to 5.7 mm× 5.8 mm was reported taking place over 2.9 mm of vertical SCD growth using

two consecutive growth steps. While this is certainly a promising observation, more research

needs to be done in order to identify whether or not this enhancement of lateral dimensions

through vertical growth can be preserved. Enhancing the dimensions from 3.5 mm× 3.5 mm

to 50.8 mm× 50.8 mm would require an lateral area enhancement by a factor of 210.6, which
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will likely possess serious technological challenges on its own. Thus it is necessary to simulta-

neously investigate different substrate engineering approaches to enhance the SCD lateral

dimensions. Three potential engineering solutions are currently known: (i) mosaic growth,

(ii) flipped crystal, and (iii) flipped side approach.

2.6.1 Mosaic growth

The concept of mosaic growth is, that several identical SCD crystals (tiles) are aligned next

to each other in a way that the top surfaces of the individual crystals are in good alignment.

During SCD deposition the films grown on each individual crystal grows together and form one

diamond film with lateral dimensions of all individual seeds. Mosaic growth was first studied

by Janssen and Giling [105]. Initially, the alignment of the individual seeds was achieved

by using high surface tension liquid [106]. An SEM picture of successful mosaic overgrowth

of seven individual crystals, performed by Findeling-Dafour was shown in Figure 2.53. The

individual tiles were still identifable and the boundary layer, where the individual tiles grew

together appeared to be of low quality. Additionally, a major drawback of using high tension

fluid was a poor thermal contact between the substrate and the holder, and there were

difficulties in measuring the substrate temperature.

More recent research has used Lift-Off by ion implantation (see Section 2.5) to create

several identical clones of one seed substrate. Afterwards, they are post-processed to have

matched dimensions using laser processing. Then, the individual tiles can be aligned next to

each other so that they form a seed crystal with enhanced dimensions without the need of a

fluid [107]. The individual tiles are grown together during diamond deposition enhancing the

lateral dimensions several times. A schematic illustration of the mosaic growth procedure

using tiled clones created by Lift-Off processes is shown in Figure 2.54.
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Figure 2.53 SEM overview of a seven-piece SCD mosaic. [106]

Figure 2.54 Mosaic growth by tiling together several clones, which are created from the same
seed substrate. [93]

Initially, mosaic growth of tiled clones was used to demonstrate the fabrication of a 1

inch SCD wafer by Yamada et al. [107] and subsequentially improved the quality [108, 109].

Figure 2.55 showed a photograph of a 1 inch SCD wafer of relative good quality. To this date,

tiled growth of a 2 inch wafer was demonstrated using this technique [110].

The same major set of problems problems on crystalline quality were reported on previous

publicatiopns, i.e the high amounts of stress and formation of defects formation in the SCD

boundary material between the individual tiles [105, 110], which even resulted in macroscopic

cracks. The formation of defects and cracks throughout the SCD film was shown in Figure 2.56
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technique. We conducted a repetitive process of tiling and the lift-off
technique. This made it possible to fabricate freestanding tiled-clones
with 1.5-inch edge lengths, the largest freestanding wafers reported
to date. By using wafers of such large size, we could clearly see that
the non-uniformity in the growth of the wafers became remarkable
for an area larger than 1 in. for the first time. One possible cause
of this non-uniformity is discussed, combining observations of the
experimentally obtained wafers and numerical simulations of the gas
phase.

2. Experiments

Growth of the single crystal diamond with inch size area was
conducted using an AX-6500-type reactor (CORNES Technologies Ltd.,
Tokyo, Japan) [13,14]. The microwave power and gas pressure were
maintained at 6–8 kW and 15–17 kPa, respectively, to keep the sub-
strate temperature in the range of 1100–1200 °C; typically they are
set to be 6 kW, 16 kPa, and 1150 °C, respectively. The source gas mix-
ture consisted of H2, CH4, and N2, wherein the amounts of CH4 and N2

relative to H2 were typically 5% and less than 0.1%, respectively. For
small size substrate with 1 cm2 of area, as exception, slightly different
growth conditions were adopted, which are described in Section 4 in
detail. Before carrying out the lift-off process, the top surface to which
the high-energy ion beam was exposed had to be prepared flat. There-
fore, we polished the sample mechanically after the growth. By repeat-
ing the lift-off process with the exposure of the high-energy ion beam
onto an identical seed substrate, we prepared several freestanding sub-
strates called clone substrates, as described in the preceding section. By
growing diamond layers on these clone substrates by plasmaCVD, these
clone substrates are then connected into one relatively large substrate.
We then polished the top surface of the tiled-clones and prepared
clones of the tiled-clones. By connecting these clones of the tiled-
clones with each other, we could synthesize larger tiled-clones. In this
way, we repeated the tiling process and enlarged the size of the sub-
strate. The resultant tiled-clones have approximately 3–4° of the
off-angle,which is inclined to a b100> edge direction,which are similar
to those of their original seed substrates as a matter of course.

3. Simulation of the gas phase

The gas phase of the microwave plasma discharge was studied
numerically using a model previously described in Refs. [15,16]. As
described in Ref. [15], we found that under certain acceptable approxi-
mations, we can decouple transport equations of the source gas species
from those of electrons and from the Maxwell equations. Therefore,
under a condition and configuration that correspond to the actual
experiment of the growth, we first solved the transport equation for
electrons, which is coupled to the Maxwell equations. Then, using the

results of this calculation as an input, we solved the transport equations
for the source gas species. All the calculations were dedicated to study
the steady state of the discharge. In the calculations, we also took into
account the H2, CH4, and N2 gases as source gas species; the chemical
reactions of these source gases in the gas phase were prescribed by an
open source set of reaction coefficients [17]. These preceding results
of our numerical simulations are referred to in the discussion of the
dominant factors of non-uniformity of the growth in the following
section.

4. Results and discussions

As described in Refs. [9,11,12], we have found that tiled-clones have
relatively smooth boundaries along the constituent clone substrates
and that they are mechanically tightly connected to each other. There-
fore, such tiled-clones can be applied in several processes such as
polishing and cutting. This enables us to utilize such tiled-clones as a
seed substrate for further lift-off processing and the epitaxial growth
of active layers. Fig. 1(a) shows a free-standing tiled-clone of which
both sides are polished. This tiled-clone has an edge length of approxi-
mately 20 mm, consisting of four domains with 10 mm edge lengths.
By using laser interference microscopy, we observed the roughness of
the surface of this sample to be several times 10 nm. The surface was
flat over the 1-inch size area, as shown in the figure. In addition, as
shown in Fig. 1(b), this tiled-clone is transparent. As in our preceding
reports, while the boundary is fairly smooth, onemay be able to identify
the locations of the boundaries if one notices a subtle change in mor-
phology around the boundary [9]. Because both sides of the sample
[Fig. 1(b)] are flattened in the present case, one may hardly recognize
the morphology after the growth, and the boundaries between the
constituent substrates are almost invisible. As shown in Ref. [11], optical
absorption in the visible and UV region is suppressed, and the substrate
seems to be transparent. Because the top surface of the tiled-cloneswith
an inch-sized area is flattened, we could apply the lift-off process with
high-energy ion implantation onto the tiled-clones themselves. This
means that we can repeat the tiling by using the tiled-clones as seed
substrates with an inch-sized area and accelerate the enlargement of
thewafers. Fig. 2 shows an example of such a process. First, we prepared
four clone substrates with an area of approximately 10×10 mm2 from
one identical seed crystal of a half-inch size [Fig. 2(a)]. These four
clone-substrates were connected to one tiled-clone of 1-inch size (an
area of approximately 20×20 mm2). By applying the lift-off process
with ion implantation onto this tiled-clone repeatedly, we obtained
several clones of this tiled-clone [Fig. 2(b)]. Then, by connecting two
of these clones with a size of 1 in., we obtained a seed tiled-clone sub-
strate with a size of 1.5 in. (an area of approximately 20×40 mm2).
Using this 1.5-inch size tiled-clone as a seed substrate,we could fabricate
several freestanding tiled-clones with the same size [Fig. 2(c)]. This is

(a) (b)

Fig. 1. Photographs of the inch-sized wafer of tiled-clones of a single-crystal diamond with an area of approximately 20×22 mm2: (a) top-surface and (b) transmission images.

28 H. Yamada et al. / Diamond & Related Materials 33 (2013) 27–31

Figure 2.55 Photographs of the inch-sized wafer of tiled clones of a single-crystal diamond
with an are of approximately 20 mm× 22 mm. Tranmission image [109]

[110].

Figure 2.56 Formation of low quality SCD material in the interconnecting areas between
individual tiles causing defect formation and crystal cracking. [110]

Yamada et al. [93] performed a cross-sectional stress analysis using birefringence imaging

and found large amounts of internal stress in the boundary layer formed between individual

stress and even more elevated levels right at the interface

Eliminating the denigration in crystalline quality in the boundary film, where the individual

tiles are grown together is still an unsolved problem. While the mosaic approach can be
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Fig. 4. (a) A tiled clone, schematically drawn with thickness of 0.9 mm, (b) An image of the cross section of a tiled clone, and (c) polarized microscope image of the cross section of a
tiled clone. Image (c) was taken from the gray rectangle indicated in (a).
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Fig. 5. (a), (d) Photographs of the tiled clone. The dashed lines indicate the boundaries between the constituent clone substrates. (b), (c) Raman spectra obtained along the arrows
indicated in Fig. (a). (e), (f) Raman spectra obtained along the arrows indicated in Fig. (d). The black, blue, and other profiles are the results obtained at the boundaries, 50 μm from
the boundaries, and 100 μm or further from the boundaries, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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Figure 2.57 (a) A tiled clone, schmatically drawn with thickness of 0.9 mm, (b) An image of
the cross section of a tiled clone, and (c) polarized microscope image of the cross section of a
tiled clone. Image (c) was taken from the gray rectangle indicated in (a). [93]

used to growth SCD wafers of large dimensions suitable for industrial applications it clearly

cannot deliver the quality needed. Future research is required and will show if it is possible

to improve the quality so that mosaic diamond wafers become a viable option.

2.6.2 Flipped crystal approach

Another approach is the flipped crystal approach, sometimes also referred to side-surface

growth as introduced by Mokuno et al. [111]. It relies the fact that all {100} crystal

orientations in diamond are equivalent. Thus, growth can be equally carried out on the

<100>, <010>, <001> orientations. The flipped crystal approach uses that in order to

increase the lateral dimensions, such as shown in Figure 2.58. First, SCD deposition is carried

out in the [100] direction. After growth, the crystal is post-processed by laser trimming and

mechanical polishing to prepare a [010] direction as the top surface for a second growth step

perpendicular to the initial growth.The growth area enhances as illustrated in Figure 2.58.

Afterwards, the diamond is post processed again and prepared for another growth step in the

initial <100> orientation as indicated in Figure 2.58. Finally, the diamond is processed again

to be used as a seed crystal for deposition along the <001> direction (being orthogonal to the
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two initial growth directions in Figure 2.58). The deposition area in the process schematic

shown in Figure 2.58 is doubled during the first side-surface growth and doubled again for

the second side-surface growth step. Thus, the overall crystal dimensions of the final seed

crystals have been increased by a factor of four. Applying this technique resulted in creating

half-inch sized wafers [111].

Figure 2.58 Schematic illustration of flipped crystal growth on three equivalent <100>
orientations. [93]

It is possible to achieve the area enhancement with different combinations of side-surface

growth steps due to the equivalance of the {100} sides. Figure 2.59 shows the schematical

area enhancement by performing side-surface growth on three sides, instead of only two as

shown in Figure 2.58.

substrate with or without nitrogen addition. The growth conditions for
undoped diamond and nitrogen-doped diamond, grown using the same
apparatus, are summarized in Table 1. After growth, etchingwas used to
separate the resultant diamond from the ion implanted substrate.

Surface morphologies of the films grown were observed by
differential interference contrast microscopy (DICM). Birefringence
induced by dislocations or internal stress in the filmwas measured by
polarized light microscopy (PLM), run with reflected light before the
separation. Optical transmission of the freestanding plates was
measured by UV–Vis–NIR spectroscopy.

3. Results and discussion

Optimum growth conditions for undoped diamond were investi-
gated. High-rate growth with nitrogen addition is typically performed
above 1100 °C; at this temperature removal of nitrogen from the
process gas would lead to the formation of NCs. To suppress NC
formation in the films it is necessary to promote (100) growth. This is
thought to occur when the growth temperature is reduced and the
concentration of methane in the gas phase increased [13]. In this
study, the growth temperature was altered under a constant methane
concentration (10% in H2), similar to that used for increasing growth
rate in the high-rate growth with nitrogen addition. A diamond
(thickness=0.1mm) grown as detailed above at an optimized growth
temperature of approximately 900 °C shows smooth surface mor-
phology over the entire growth area of the large substrate and no NC
(Fig. 1). Below the optimum temperature, spherical pores are
observed on the surface, while at higher temperatures a number of
NCs appear. These observations are similar to the results obtained
during growth of high-quality CVD diamond under high power
density conditions [14]. Despite the high methane concentration, the
films produced (Fig. 1) feature a small number of the rounded hillocks
frequently observed in high growth rate undoped films [14] and
nitrogen-doped films [2,3,15] grown under high power density

conditions. This is an indication that growth is occurring via a
bidimensional mode rather than a step flow mode, however, the
supersaturation level of carbon precursors is not high in comparison
to the referenced studies. This is due to the lower power density
created by use of a large diameter substrate holder [16]. Relatively low
growth rate at the optimized temperature (4–9 µm/h) compared with
the references supports this hypothesis. This result also suggests the
balance between plasma power density and methane concentration
could be an important factor for controlling surface morphology and
the resultant quality of the film grown.

Using the growth conditions detailed above, thick undoped single-
crystal diamond plate was produced by the lift-off process using ion
implantation. Initially, a 40 µm thick diamond was grown on the ion

Table 1
Typical growth parameters for both the undoped and nitrogen-doped single-crystal
CVD diamond plates shown in Fig. 2.

Growth parameters Undoped Nitrogen-doped

Holder diameter (mm) 18 18–21
Growth temperature (°C) 900 1130–1150
Pressure (Torr) 160 160–180
Gas flow in 500 sccm H2 10% CH4/H2 12% CH4/H2 1% N2/CH4

Microwave power (kW) 1.5–2 2–3

Fig. 1. Surface morphology of large, undoped single-crystal CVD diamond with a
thickness of 0.1 mm as observed by differential interference contrast microscopy.

Fig. 2. Photograph of freestanding single-crystal CVD diamond plates produced by lift-
off process using ion implantation: (left) high growth rate (34 µm/h) nitrogen-doped
diamond and (right) undoped diamond grown at the average growth rate of 7.8 µm/h.

Fig. 3. UV–Vis–NIR transmission spectra of the undoped CVD diamond plate, nitrogen-
doped high growth rate CVD diamond and HPHT IIa diamond.

Fig. 4. Schematic illustration of a crystal enlarging process by combination of lift-off
process and side-surface growth.
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Figure 2.59 Schematic illustration of a crystal enlarging process by combination of lift-off
process and side surface growth. [111]

Figure 2.60 shows a photograph of a seed crystal which was expended to 10 mm× 10 mm
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using two side-surface growth steps, whereby each side-surface step contained several individual

deposition steps in order to achieve the targeted thickness. The next process step for the

substrate shown in Figure 2.60 would be to being processed into a 10 mm× 10 mm seed

substrate for diamond deposition (in direction facing out of the picture).

Research paper : Development of single-crystalline diamond wafers (A. Chayahara et al.)

－263－
Synthesiology - English edition Vol.3 No.4 (2011) 

in practical use as power semiconductor in the near future. In 
conventional SiC sublimation method, the growth takes place 
along the c axis <0001>, whereas in the RAF method, the 
dislocation structure change by the {1120} and {1100} faces 
called the a-face are used to reduce the dislocational defects. 
Since the growth is repeated toward the a-face direction, it 
is called the repeated a-face (RAF) growth method. From 
the ingot grown in the c-face direction, (1) the {1100} face 
crystal is cut out and the growth is done on that face. Next, 
(2) {1120} face crystal is cut out, and growth is done on 
that face. After repeating (1) and (2) several times, the seed 
crystal of the c-face is cut out from the ingot, and this is 
used for the c-face growth. The conventional c-face grown 
ingot has several dislocations, but the dislocation of the seed 
crystals is reduced by the a-face growth. Majority of the 
dislocations are present parallel to the seed crystal face, and 
it is thought that the defects parallel to the crystal face are 
not carried over during the a-face growth.

The motivation for developing the RAF growth method for 
the SiC single crystal was the reduction of crystal defects such 
as micropipes. In contrast, the {100} face repeated growth 
method in the CVD diamond was primarily done to obtain a 
larger diameter. In the growth condition of ultralow volume 
nitrogen addition, the growth was only in the <100> direction, 
and an increase of the crystal diameter by growth could not be 
expected. There are dramatic differences in the diameter and 
quality of the SiC and diamond wafers. Although SiC is more 

than 20 years ahead, it is interesting that the lateral repeated 
growth was proposed at almost the same time.

3.4 Wafer fabrication
Since diamond is the hardest material, it is not easy to 
process. Therefore, its formation into a wafer form necessary 
for the manufacture of semiconductor devices is very 
difficult. Laser cutting is used to process industrial diamonds, 
but the losses due to cutting reserve and processing time 
are issues. Also, flatness and low defects are required in the 
precision polishing technology. “Direct wafer technology” 
and mosaic method have been developed as methods for 
wafer fabrication.

In the direct wafer technology[32], ion is implanted to the 
single-crystal diamond that will be used as a seed prior to the 
growth, and a defect layer is introduced immediately beneath 
the surface. After vapor deposition, the defect layer assumes 
a graphite structure, and can be removed by electrochemical 
etching. The seed crystal and the growth layer have diamond 
structures and are very stable chemically, and are not etched 
chemically. The seed crystal and the growth layer are 
separated to form a plate diamond (Figs. 7, 8). Some small 
parts of the seed crystal will be lost during the separation, 
but this thickness is only about 1 m or the depth of the ion 
implantation. Therefore, the ordinary seed crystal can be 
used repeatedly, and the separated crystals can also be used 
as seed crystals.

Fig. 5 Size increase of crystal by repeated lateral growth

  

Step 1 Step 3Step 2
(100) face growth of 
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Fig. 6 Example of lateral growthFigure 2.60 Lateral growth. [111]

The two biggest problems with the filpped crystal growth are the increased defect density

and local strain at the interfaces, were the crystal flipping occurred. This was experimentally

verified by Mokuno et al. [111]. Additionally, the growth of diamond is effected by the

potential formation of PCD rim material. Thus, the final seed crystal will have an uneven

shape, instead of being rectangular, as can be seen Figure 2.61. It would be necessary to

trim off the outer areas to obtain a well-shaped SCD wafer, but that would reduce the wafer

dimensions significantly.
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implanted single-crystal CVD diamond substrate. This film was
successfully separated from the substrate after etching of the ion-
implanted layer. Using the same growth conditions, additional CVD
diamond was then successively grown on the separated plate to a
thickness of 470 µm. The average growth rate was 7.8 µm/h. Fig. 2
shows a photograph of this plate alongside a nitrogen-doped CVD
diamond grown at approximately four-times the rate (34 µm/h).
Compared with the nitrogen-doped diamond which is brown in color,
the undoped diamond is colorless. The UV–Vis–NIR transmission
spectrum (Fig. 3) shows dramatic improvement in comparison to the
nitrogen-doped diamond. With transmission almost identical to that
of HPHT IIa diamond and no absorption at 270 nm, related to isolated
substitutional nitrogen. This suggests the diamond is of high purity
but further evaluation by techniques such as cathode luminescence
will be necessary to ascertain the properties of the diamond. Though
both the plates were separated from similarly shaped seed substrate,
the top two corners are missing from the undoped plate as a result of
cracking during growth. The reason for this cracking is not clear at this
stage. However, PLM imaging of the undoped film indicates the
presence of stress at the edge of the film. In this study, the seed

substratewas placed on an enclosed holder [2,3]. This helped suppress
nucleation at the edge and prevent growth on the side surfaces of the
seed substrate, so as to avoid laser cutting after growth. However, this
may cause abnormal growth at the edge and when the film thickness
increases, internal stresses would lead cracking of the film and even
cracking of the seed substrate. This is similar to the findings for films
grown on a substrate without etching of side surfaces [17].

Size limitations for the CVD diamond plates produced by the lift-
off process described above arise from the size of commercially
available HPHT diamond (10×10 mm2). Beyond this size, CVD
diamond with a larger area needs to be synthesized. Since relatively
large CVD diamond plates produced from a 10×10 mm2 HPHT
diamond are available, a process to fabricate larger CVD diamond
plates was tested (Fig. 4). This combined the lift-off process [9–12]
and side-surface growth [3] as proposed in previous papers. A HPHT
diamond (10×10 mm2) was used to fabricate a single-crystal CVD
diamond plate of the same size (thickness 0.4 mm) by the lift-off
process (steps 1 and 2, Fig. 4). The fabricated plate was then grown to
a thickness of 3.7 mm by repetition of the high-rate growth with
nitrogen addition (step 3, Fig. 4). Laser sawingwas used to cut, parallel
to the original growth direction, one of the side {100} surfaces of the
resultant CVD diamond. The cut surface created was polished and
diamond was grown onto this to a thickness of 3–4 mm. Side-surface
growth was repeated for the other two side {100} faces (step 4, Fig. 4).
This produced a half-inch (12.6×13.3×3.7 mm3) single-crystal
diamond (Fig. 5). This diamond was cut using laser sawing to form
two pieces of (001) seed plate. One of the plates was polished and
used as a seed substrate for the lift-off process (step 5, Fig. 4). Thick
diamond (0.2 mm) was grown on the seed by high-rate growth
(32 µm/h) with nitrogen addition and the film was successfully
separated from the seed. Fig. 6(a) and (b) shows photographs of the
polished seed plate and a separated half-inch single-crystal diamond
plate. Results indicate the proposed process (Fig. 4) is effective for
enlarging the area of single-crystal CVD diamond plates. In addition,
the enlarged seed plate can be used to produce large undoped single-
crystal CVD diamond plates by utilizing the process described above.
The PLM image of the separated plate (Fig. 6 (c)) indicates that
crystallinity is good at the center bottom of the plate where no change
in growth direction took place. However, at the periphery of the plate,
where growth occurred perpendicular to the original growth direction
of the seed plate, the dislocation density seems high. In addition, the
presence of high strain is suggested in the image, especially at the
right bottom corner. This strain could lead to the cracking of the
separated plate. Further optimization of side-surface growth condi-
tions will be required to improve the crystalline quality.

Fig. 5. A half-inch (12.6×13.3×3.7 mm3) single-crystal diamond produced by the
enlarging process shown in Fig. 4. Arrows correspond to the growth directions of step 4
in Fig. 4.

Fig. 6. (a) Photograph of a half-inch seed plate obtained by cutting and polishing the diamond in Fig. 5. (b) Photograph of a half-inch nitrogen-doped single-crystal CVD diamond
plate produced under high growth rate (32 µm/h) from the seed plate by lift-off process using ion implantation. (c) Polarized light microscope image of the half-inch single-crystal
CVD diamond plate.
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Figure 2.61 Photograph of a half-inch nitrogen-doped single-crystal CVD diamond plate
produced under high growth rate (32 µm h−1) from the seed plate by lift-off using ion
implantation. [111]

2.6.3 Flipped side approach

Another approach, which uses an altered version of the flipped crystal approach is the

flipped side approach. A schematic of the entire procedure is shown in Figure 2.62, where a

3.5 mm× 3.5 mm× 1.0 mm seed crystal is enlarged into an half inch SCD wafer.

First, SCD growth is carried out on a CVD seed crystal in the <100> direction. The

dimensions of the initial seed crystal are 3.5 mm× 3.5 mm× 1.0 mm. After growing to a

targeted thickness, i.e. 12.5 mm (half an inch) the growth is stopped (a). The resulting crystal

has dimensions of 3.5 mm× 3.5 mm× 12.5 mm. Now, the diamond crystal is processed into

several new seed crystals, which are cut perpendicular to the initial growth direction (b).

The dimensions of those new seed crystals are 3.5 mm× 12.5 mm× 1 mm. Now, another set

of SCD growth experiments is carried out. The growth direction is perpendiculary to the

growth direction of the first growth step. It was demonstrated, that defects preferentially

propagate along its initial growth direction [79, 80]. Friel et al. [80] demonstrated a vastly
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Figure 2.62 Schematic of the flipped side approach showing each individual step to increase a
3.5 mm× 3.5 mm SCD crystal into a 12.5 mm× 12.5 mm SCD wafer. The inset in the final
wafer (e) illustrates the crystal dimensions of the initial diamond seed. The yellow block
represents the initial HPHT seed crystal and the grey blocks represent CVD grown SCD.The
bold black lines indicate, where the SCD is sliced.

reduced defect density by flipping the growth direction two times orthogonally. Friel et al.

[80] recorded X-Ray topographs of a CVD-grown diamond, which was initially grown along

the <001> direction, followed by growth along the <100> direction, see Figure 2.63. It can

be seen, that the propagation of the defects along the <001> was stopped, once the growth

direction was changed to the <100> direction. New defects formed in the interface when

the second growth step was initialized, but overall the defect density in the [100] oriented

diamond was reduced. This concept can be further utilized by start the flipped side approach
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by creating a flipped CVD seed crystal, to have a reduced defect densityduring the first

enlargement step already (see pre-steps in Figure 2.62).

Figure 2.63 {111} projection topograph of a single crystal CVD diamond sample containing
two generations of CVD growth along the [001] and [100] directions. [80]

In a second set of the growth steps, 12.5 mm (half an inch) of diamond are grown (c),

while the defect density is reduced compared to the initial set of growth (a). The resulting

diamond has dimensions of 3.5 mm× 12.5 mm× 12.5 mm. Again, new seed crystals will be

processed out of the bulk material with crystal orientation perpendicular to the two previous

growth directions (d). The resulting seed crystals are 12.5 mm× 12.5 mm in dimension and

can be described as half inch SCD wafer (e). In order to approach two inch dimensions, the

flipped side approach has to be repeated multiple times.

The main advantage of the flipped side approach is, that the final wafers only contain

a single growth orientation, This is in contrast to the flipped crystal approach i.e. the

CVD diamond shown in Figure 2.63 currently contains two growth directions. This can be

easily achieved by growing each direction to thicker than the targeted thickness, followed

by removing the initial seed crystal. This concept cannot be applied to the flipped side

approach as the area enlargement is achieved by growing around the initial seed crystal in

several directions. Hence, using the flipped side approach it is possible to increase the SCD
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wafer dimensions while reducing the dislocation density at the same time making it the most

promising approach for the production of two inch SCD wafers.

Nevertheless, there is one major drawback using the flipped side approach. The final

dimensions of a tiled wafer manufactured using mosaic growth is assembled and the overgrown

diamond instantly has the targeted dimensions. Only some effort has to be invested in the

growth and processing of the individual tiles. The flipped crystal approach utilizes off the

crystals initial dimensions. Thus the theoretically minimum growth necessary for extending

a 6 mm× 6 mm SCD seed to a 12 mm× 12 mm, a case such as shown in Figure 2.58, would

require two growth steps of 6 mm each. Hence, the total growth required would be 12 mm

compared to at least 24 mm for the flipped side approach (2 growth steps of 12 mm each).

This problem intensifies when enhancing the SCD wafer dimensions even further, i.e.

targeting 2 inch wafers. It seems unlikely that a 3.5 mm× 3.5 mm× 1.0 mm seed crystal

could be grown for 50 mm into a single direction without any shrinking of the SCD surface

area. Mokuno et al. [112] already observed a shrinking diamond top surface area when

growing a total thickness of 10 mm SCD due to the formation of PCD material as shown in

Figure 2.64. Thus, it seems necessary to increase SCD wafer dimensions in more modest steps,

i.e. in half inch steps, which corresponds to a four fold increase of the wafer area each time.

Unfortunately, this would result in an up-scaling of the growth required for each enlargement

step as shown in Table 2.1. A total 250 mm of diamond growth would be necessary in order

to enhance the SCD wafer dimensions to 2 inches.

The flipped side approach for enhancing SCD wafer dimensions seems superior compared

to the flipped crystal approach and mosaic growth as the crystalline quality of the wafer

would at least be maintained and potentially even increased. Unfortunately, the occurance of

shrinking SCD surfaces throughout the growth steps could jeopardize the entire engineered
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surface morphology. The growth temperature was 1130 -C and
the reactor pressure was 24 kPa. The flow rate of nitrogen was
0.6 sccm.

Fig. 4 shows OM images of grown diamond after 1st growth
(left) and repetition of growth (right) for open and enclosed
type holder. The film thickness is indicated in each picture. In
the case of open type holder, though relatively high growth rate
(87 Am/h) is obtained, a crack appeared in the center part after
the 2nd growth and further growth can not be applicable
without polishing the surface. In contrast, by using enclosed
type holder, the surface morphology is dramatically improved
and smooth and flat surface morphology without growth
hillocks or nonepitaxial crystallites is obtained even after the
5th growth. The XRD rocking curve of the film was measured
after the 8th growth with the thickness of 2.1 mm. The FWHM
was 0.0028-, which is comparable to that of HPHT synthetic Ib
diamond (0.0017–0.0056-) [5] extensively used for the growth
of electronic-grade epitaxial layers [6,7]. However, the growth
rate becomes half of that for the open type holder.

The enclosed type holder was applied to grow thick
diamonds by the repetition of high rate growth using optimized
growth condition. As a result, as shown in Fig. 5, a large CVD
diamond with the thickness of 1 cm and the weight of 4.65 ct
has been successfully grown on a 5!5!0.7 mm3 seed after the
24th growth. The total growth time was about 150 h and the

average growth rate was 68 um/h. Although the side surface is
covered with polycrystalline diamond, the top surface maintains
the smooth and flat surface morphology without crack. Further
investigation on the crystalline quality is currently under way.

The repetition of high rate growth was also applied to grow
side {100} surface of a thick diamond prepared by the
technique as mentioned above for the purpose of three
dimensional enlargements in crystal size. An as-grown CVD
diamond (Fig. 6(a)) was prepared by 9 times repetition of high
rate growth on 3!3!0.5 mm3 seed with the growth rate of 51
Am/h. It was cut and polished into cubic shape surrounded by
six {100} surface (Fig. 6(b)). Though the side surface of as-
grown crystal is covered by polycrystalline diamond, the inside
is single crystal diamond which has some degree of optical
transparency. Also clear difference in color between Ib
substrate and the CVD grown layer can be observed. The
fluctuation in optical transparency of the CVD layer seems to
be formed by the fluctuation of growth condition such as
substrate temperature and gas composition. After that, diamond
with the thickness of 1 mm was successfully grown on one of
the side {100} surfaces by 3 times repetition of high rate
growth using the same condition (Fig. 6(c)). The FWHM of
XRD rocking curve after 9th growth with the thickness of 2.6
mm was 0.0102- indicating that further improvement in the
crystalline quality is required. However, if we apply this
method for many times and for different {100} surfaces, further
three-dimensional enlargement of the size of the diamond will
be possible. By integrating the thick diamond growth and this
method, diamond with size larger than 10!10 mm2, which is
difficult to produce by HPHT growth, can be produced.

4. Summary

In order to produce large single crystal diamond, the
repetition of high rate growth has been successfully applied to
the growth of thick diamond using the optimized growth
condition. The crystalline quality of the thick diamond
characterized by XRD rocking curve measurement is compara-
ble to that of HPHT synthetic Ib diamond currently used for the
growth of high quality homoepitaxial diamond film. Further-
more, large diamond with the thickness as large as 1 cm has been
obtained. Also a method which can enlarge the size of diamond

Fig. 4. Optical microscope images of grown diamond after 1st growth (left) and

repetition of growth (right) for open and enclosed type holder. Thicknesses of

grown diamonds (t) are indicated in the pictures. A dashed circle indicates a

crack formed by repetition of high rate growth.

Growth direction

Side view

Top view
5 mm

HPHT seed (5x5x0.7 mm3)

Fig. 5. A 4.65 ct single-crystal diamond with the thickness of 10 mm grown by

24 times repetition of high rate growth with the growth rate of 68 Am/h.

Fig. 6. Enlargement of the size of diamond by growing on side {100} surface

using repetition of high rate growth. (a) As-grown diamond grown by 9 times

repetition of high rate growth on 3!3!0.5 mm3 seed. (b) Cut and polished

diamond surrounded by six {100} surface. (c) Diamond grown on the side

{100} surface by 3 times repetition of high rate growth.

Y. Mokuno et al. / Diamond & Related Materials 14 (2005) 1743–1746 1745

Figure 2.64 A 4.65 ct single-crystal diamond with the thickness of 10 mm grown by 24 times
repetition of high growth with the growth rate of 68 µm h−1. [112]

Wafer enlargement Growth required [mm]
0.5 inch 25
1.0 inch 50
1.5 inch 75
2.0 inch 100
Total 250

Table 2.1 Total amount of growth required for each individual step for enhancing SCD wafer
dimensions to 2 inches by half inch increments.

process. Hence, it is possible to establish procedures to prevent the formation of PCD in

between individual deposition experiments or even achieve a slight expansion of the SCD

surface area as reported by Nad et al. [67] [72]. The other big concern, which has to be

overcome is the fact, that massive amounts of SCD growth are necessary, i.e. assuming a

growth rate of 10 µm h−1 [81] would mean, that a total growth time of 1041.67 days would

be required. This corresponds to 2 years and 10 months and does not include any additional

time for analysis and processing in between individual experiments. Hence, it is critical to

enhance the growth rate while remaining a high crystalline quality, i.e. increasing the process

pressure [49], for the flipped side approach to succeed.
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2.7 Heteroepitaxial SCD growth

Heteroepixial growth of diamond is another approach in order to achieve SCD wafers of

large dimensions. The underlying concept is to grow diamond on a non-diamond substrate,

which has the same crystalline structure. The most prominent materials were silicon and

silicon carbide, where wafer sizes of 6 inches are easily available. Growth on unseeded silicon

wafers is possible, but nucleation densities are as little as 1× 104 cm−1 [113] resulting in

macrocrystalline diamond with individual grain sizes as big as 10 µm [114]. Nucleation

densities have been significantly improved up to 1× 1011 cm−1 [115] by applying various

pre-treatment methods, i.e. scratch seeding with diamond nanoparticles [116], dip coating

[117] or surface carburization [118] to name a few. The crystal sizes of a PCD film are

increasing with film thickness as more and more individual crystals grow together. Hence,

the idea of heteroepitaxy is to nucleate a very dense film of nanocrystalline diamond and

grow a film thick enough so that all individual crystals merge into one. The seeding methods

described above provide sufficiently high nucleation densities. Unfortunately, the nucleated

crystals are randomly oriented. This results in a growth behavior as shown in Figure 2.65. It

is clear, that the individual crystals are aligned with respect to each other. The misorientation

towards each (tilt and twist) other limits how much the individual crystals can combine.

In order to grow together all individual crystals into one SCD, it is necessary that

all of the individual nucleation sides and crystals are aligned perfectly. Bias-enhanced

nucleation (BEN) has been proven to create highly oriented diamond nucleation sides, which

subsequentially grow together as highly oriented diamond. The positive effect of BEN has

been demonstrated on several substrate materials, such as silicon [120, 121, 122] and silicon

carbide [120, 123]. Figure 2.66 shows a highly oriented diamond film [122]. The orientation
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Figure 2.65 SEM images of the top and cross section of a microcrystalline diamond film. [119]

is much higher compared to unbiasedly nucleated PCD, which is shown in Figure 2.65.

Nevertheless, substantial variations are still noticable limiting the use of Si and SiC as seed

substrate to grown SCD.

Iridium is the only material, where successful heteroepitaxy of SCD has been demonstrated

[124]. The lattice mismatch between diamond and silicon is 35 %, while it is only 7.1 % for

iridium. A detailed mechanism for heteropitaxial diamond nucleation was introduced by

Schreck et al. [125]. Figure 2.67 shows a high quality SCD film grown on iridium [126].

Deposition of iridium on silicon was demonstrated using yttra-stabilized zirconium (YSZ)

[126] and strontium titanate [127]. YSZ turned out favorable as it reduced both, the in-plane

rotation (twist) of the nucleation centers as well as the cross-sectional bent (tilt), while

SrTiO3 only reduced the twist. Experimental details for the deposition of YRZ and Ir can be

found in [126]. A schematic of the multi layer system for heteroepitaxy of diamond can be
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development of the azimuthal pole density distribution is
also shown in Fig. 2. After 4 min a low nucleation density
with some epitaxially oriented grains was observed. Between
5 min and 10 min the diffraction intensity of epitaxially
aligned as compared to nonepitaxial crystallites increases
while the full width at half-maximum ~FWHM! of the azi-
muthal pole density distribution improves slightly. The bias
process time topt for the narrowest distribution coincides with
the steep rise of the bias current. Extending the bias pretreat-
ment over topt results in a strong decrease of intensity from
epitaxial grains ~see scaling factors in Fig. 2! accompanied
by an increase of the signal from nonepitaxial crystallites.
Two further features should be pointed out:

1! The time period for the loss of epitaxy ~'2 min! is
significantly smaller than the interval between the first occur-
rence of oriented grains and topt ~'6 min!.

2! The azimuthal pole density distribution for the epi-
taxially oriented grains broadens significantly after surpass-
ing topt .

Analogous to the experiments at 2200 V the nucleation
time window was evaluated for bias voltages between 2180
V and 2300 V. The results are summarized in Fig. 3. The
diagram shows the strong narrowing of the time window for
epitaxial nucleation ~bright region! with increasing bias volt-
age. Additionally, topt decreases between 2180 V and 2300
V from about 17 min to 20 s. Towards low time values the
parameter window is limited by a low nucleation density and
also by a negligible fraction of oriented grains. This delay of
the nucleation of oriented grains may be traced back to the
necessity to remove the oxide on the substrate completely
during the bias step8 as well as to the time necessary to form
heteroepitaxially oriented SiC.

The boundary of the domain for oriented nucleation to-
ward long biasing times is characterized by two processes
occurring simultaneously: First, there is a rapid reduction of
the signal from the oriented grains indicating that their num-
ber has strongly decreased, i.e., many of them have com-

pletely lost their epitaxial orientation. Second, the azimuthal
distribution for the remaining oriented crystallites has broad-
ened.

For the observed rapid complete loss of alignment two
different mechanisms may be the cause: The oriented grains
are etched away while new crystallites without epitaxial
alignment nucleate. Alternatively the homoepitaxial growth
on the existing crystallites may be disturbed by the bias con-
ditions. The first process would require that oriented grains
greater than 10 nm which are present in a high number at
topt 5 10 min for UBias 5 2200 V as revealed by transmission
electron microscopy ~TEM!

9 are completely and selectively
etched during the subsequent 2 min. Since a mechanism
causing such a strong selective etching is hardly conceivable
we exclude this process.

In order to study the second, more convincing, possibil-
ity of disturbed homoepitaxial growth we exposed a 10 mm
thick heteroepitaxial film to the bias conditions at 2200 V.
Figures 4a and 4b show the growth structures that develop
after 15 min. The edges of the facets are surrounded by
spherical structures without any facets; these structures rise
about 1 mm above the planes of the base facets. In contrast,
the centers of the former $001% facets are still very smooth
although the thickness d of the layer deposited on top of
them is about 750 nm ~dark layer in Fig. 4b!. This points to
a four times higher growth rate than without bias. A first
analysis by TEM has shown that the deposited material is
nanocrystalline.10 Subsequent

^

100
&

-textured growth of the
samples without bias confirmed a complete loss of the epi-
taxial orientation. Further experiments revealed that a less
than 20 s bias is sufficient to destroy the epitaxy, thus sup-
porting the model of disturbed growth for the loss of orien-
tation during prolonged bias enhanced nucleation on silicon.

For the significant broadening of the azimuthal pole den-
sity distribution one explanation may be deduced from recent
results presented by Jiang et al.11 The authors report on
slightly misoriented crystallites grown homoepitaxially on

FIG. 1. ~a! Scanning electron micrograph and ~b! $111% pole figure of a heteroepitaxially nucleated diamond film on Si~001!.
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Figure 2.66 Scanning electron micrograph of a heteroepitaxially nucleated diamond film on
Si(001). [122]

seen in Figure 2.68

Heteroepitaxy of SCD was demonstrated for up to 100 mm (4 inch) wafers. Figure 2.69

shows an optical photograph of successful diamond heteroepitaxy [128].

Despite all those promises, heteroepitaxy of SCD has several issues, such as the complexity

of processes involved to deposit YSZ and Ir with sufficient quality, the cost associated with

using such rare earth metals and the high temperature dependence of the stress formation

[129, 130], which can lead to cracking of the wafer.

By far the most critical concern, is that the defect density of heteroepitaxially grown SCD

is much higher compared to homoepitaxially grown SCD. Threading dislocations are the

main concern limiting the adoption of diamond by generating birefringence [131], leak current

[18, 132] or unwanted background luminesence [133]. Defect densities of a commercially

available type Ib HPHT crystal, which is commonly used as a seed crystal, are in the order

of 1× 105 to 1× 106 cm−1. The defect density for a CVD film, grown on such a HPHT seed;
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dition it is important to note that the 45-!m-thick diamond
film perfectly adheres to the silicon.

Using the confocal optics, micro-Raman spectra of the
film have been taken at ten arbitrary points near the growth
surface. In Fig. 3 a typical single-point spectrum and the
average of the ten measurements are compared with the ref-
erence spectrum of a IIa natural diamond. The averaged
spectrum is shifted by !1.5 cm"1 and broadened
(5.1 cm"1). There is no indication of nondiamond carbon
phases around 1400–1600 cm"1.

The peak shift corresponds to compressive stress of
"0.93 GPa, assuming a biaxial plane stress state in the "001#
plane.8 This value is slightly higher than "0.68 GPa, as cal-
culated from the thermal expansion mismatch. Measure-
ments below the surface give deviations in the opposite di-
rection. Similar local variations with the position in the film
and the depth from the surface have recently been reported in
a detailed stress study for heteroepitaxial diamond films di-
rectly deposited on silicon.8 They indicate an intensive inter-
action between the epitaxial grains which is of fundamental
importance for an efficient texture improvement during film
growth.5 However, in an advanced stage of film growth to-
wards single crystals, this stress inhomogeneity has to de-
crease significantly. The peak width of 5.1 cm"1 for the av-
eraged spectrum reflects the scatter in the stress state close to
the surface in our present sample. It already represents a
considerable improvement as compared to 18 cm"1 reported
for 1.5 !m thick diamond films on Ir/MgO.9

XRD texture data provide the most meaningful measure
of the structural quality of epitaxial films. Figure 4"a# shows
a $–2$ scan of the layer system diamond/Ir/YSZ/Si"001#.
The logarithmic plot over five orders of magnitude on the
intensity is dominated by the desired "001# texture. The weak
signal at 40.7° results from Ir"111#. The volume fraction of
the "111# texture component can be estimated to 0.01%.
Even if it may give rise to some "111# oriented diamond
grains, its influence on the final diamond film quality can be
completely neglected. Grains with an orientation different
from "001# are overgrown within the first micrometers of the
diamond layer.

The positions of the peaks are close to the literature
values which means that all layers of the sample are relaxed.
From the pole figures "not shown#, the orientational re-
lationship diamond"001#%110&!Ir"001#%110&!YSZ"001#%110&!
Si"001#%110& is deduced. The resulting structure of the

FIG. 1. Comparison of the thermal stress vs deposition temperature for
different substrates on which diamond is deposited. The line and the given
values correspond to a diamond growth temperature of 700 °C.

FIG. 2. Scanning electron micrographs of a 45 !m thick heteroepitaxial
diamond film deposited on Ir/YSZ/Si"001#: "a# diamond film surface and the
fracture edge near the lower border of the image; "b# cross section image.

FIG. 3. Micro-Raman spectra of a 45 !m thick diamond film deposited on
Ir/YSZ/Si"001# and of a natural IIa diamond. The upper profile represents a
single point measurement with a FWHM of 3.7 cm"1. For ten measure-
ments the width scattered between 3.7 and 8.5 cm"1 with an average of 5.2
cm"1. The average of the ten spectra is shown in the middle of the graph.
FWHM is 5.1 cm"1.

FIG. 4. "a# High resolution $–2$ x-ray diffractogram of a diamond/Ir/YSZ/
Si"001# sample; "b# diamond "004# rocking curve; and "c# diamond "311#
azimuthal scan at a polar angle ' of 72.45° for the 45 !m thick heteroepi-
taxial diamond film.

4542 Appl. Phys. Lett., Vol. 84, No. 22, 31 May 2004 Gsell et al.

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  35.8.11.2
On: Tue, 07 Oct 2014 18:25:21

Figure 2.67 Scanning electron micrographs of a 45 µm thick heteroepitaxial diamond film
deposited on Ir/YSZ/Si(001): (a) diamond film surface and the fracture edge near the lower
border of the image; (b) cross section image. [126]

present multilayer system is schematically shown in Fig. 5.
Iridium can form a wide variety of silicide phases with

noncubic crystal structures !tetragonal, orthorhombic, hex-
agonal, and monoclinic"10 and with rather low melting points
!!1000 °C". Both facts represent unfavorable conditions for
a direct epitaxy of Ir on Si. The present XRD data show that
YSZ forms a perfect buffer layer for the growth of iridium
on silicon: there are no additional peaks which indicate a
reaction between the different layers.

The mosaicity was determined by measurements of
rocking curves and azimuthal scans. They are shown in Figs.
4!b" and 4!c". Their full widths at half maximum !FWHM"
are 0.27° and 0.59°, respectively, roughly an order of mag-
nitude lower than those for the best diamond films nucleated
directly on silicon.11 The present values compare well with
reports12 of high quality diamond films on Ir/SrTiO3 which
showed 0.34° for the tilt and 0.65° for the twist. They are
only slightly higher than those for the first monocrystalline
diamond films4 on Ir/SrTiO3 . According to the experimental
results and the simulations described in Ref. 5 there is still
considerable potential for further mosaicity reduction and
structure improvement by textured growth. It is therefore ex-
pected that diamond films on Ir/YSZ/Si will soon outperform
former layers on Ir/SrTiO3 .

In summary, it has been shown that heteroepitaxial dia-
mond can be deposited on silicon via Ir/YSZ buffer layers. In
this multilayer structure, the huge lattice misfit of "35%
between silicon and diamond is accommodated in three
smaller steps of "5.3%, "25%, and "7.1%. Excellent epi-
taxial diamond films have been achieved with an order of
magnitude lower mosaicity than for the deposition without
buffer layers. The interlayer is thermally very stable. No
delamination is observed even for the thickest diamond lay-
ers. Taking into account further the low thermal expansion
mismatch and the possibility to integrate silicon and dia-
mond electronics, the present concept has technological ad-
vantages over the use of oxide crystals.
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FIG. 5. Schematic representation of the layer system diamond/Ir/YSZ/
Si!001". In the YSZ crystal the large spheres correspond to the oxygen ions.
The numbers indicate the lattice misfit between consecutive layers.
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Figure 2.68 Schematic representation of the layer system diamond/Ir/YSZ/Si(001). In the
YSZ crystal the large spheres correspond to the oxygen ions. Numbers indicate the lattice
misfit between consecutive layers. [126]
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Figure 2 shows a simple schema for the interaction
between two threading dislocations [14]. In Fig. 2(a) the two
dislocations merge, both are stopped and a half-loop
remains buried in the film. The mandatory preconditions for
this annihilation are antiparallel Burgers vectors of the
initial dislocations: b1¼"b2. In the second case Fig. 2(b)
two dislocations fuse and continue propagation as a single
defect line. The resulting Burgers vector b3 is the vector sum
of b1þ b2. The probability for this reaction to occur is
primarily governed by Frank’s rule which in this case
requires

b23 $ b21 þ b22:

If this criterion is not fulfilled neither annihilation nor
fusion will occur and there may be scattering correlated with

a change in propagation direction for both dislocations. This
is indicated in case (c) of the Fig. 2.

3 Reduction of the density of threading disloca-
tions in the early stage of film growth Immediately
after nucleation the average distance between neighboring
dislocations is in the range of several 10 nm. As a
consequence, the interaction probability is very high and
annihilation and fusion processes should be very effective.
Due to the high density, visualizing the interaction of
individual defect lines turns out to be difficult, but
transmission electron microscopy (TEM) images can yield
a global image of the whole process at this stage.

Consideringperfectdislocations indiamondwithBurgers
vector b¼ 1/2 <110> and a preferential line vector along
[001], i.e., the growth direction of the film, two groups of
dislocations can be distinguished: for the 908 edge type the
Burgers vector is in the (001)growthplane (b¼ 1/2 [%1% 10]),
while the 458 mixed type dislocations are characterized by
Burgers vectors b¼ 1/2 [%10% 1] or b¼ 1/2 [0% 1% 1].

Figure 3 shows weak beam dark field (WBDF) images
of the near interface region of a diamond film grown on
Ir/YSZ/Si with Si(001) tilted by 48 toward [100]. Both
images were taken from the same spot using 004 and
400 reflections, respectively. Taking into account the g &b
visibility criterion for dark field images, the comparison of
the twomicrographs allows two important conclusions: (1) a
strong reduction of the dislocation density within the first 1–
2mm and (2) a higher efficiency for the reduction of pure
edge type dislocations [15].

4 Visualizing dislocations by etch pit formation
TEM is appropriate for the evaluation of dislocation
densities within the first few microns of film growth. With
progressing improvement of the material the dislocations
become increasingly diluted so that the poor statistics in
individual TEM images hinders a quantitative evaluation.

An alternative indirect concept to visualize dislocations
is the etch pit method. Every dislocation represents a
disorder of the crystal lattice with strong distortion in the
core and long range stress field further away. It is a common
observation for many materials that during etching of
crystals the points where dislocations emerge at the surface
dissolve much faster thus indicating a weaker binding of the
atoms around the defect. Diamond {001} surfaces etched in
a plasma containing small amounts of oxygen typically
develop pyramidal shaped etch pits. Figure 4 shows cross
section TEM images of a diamond sample etched in a
H2/CO2 gas mixture. There is a clear correlation between
the dislocation lines inside the crystal and the etch pits at
the surface.

5 Reduction of dislocation density over a
thickness range of several orders of magnitude
Combining TEM and edge pits counting the change in
density of threading dislocations starting from few microns
to ' 1mm was evaluated. The results are plotted in Fig. 5.

Figure 1 Optical photograph of an Ir/YSZ/Si(001) wafer after
BEN and '2mm growth by MWPCVD. Approximately 70 cm2 of
the surface are covered by epitaxial diamond. The interference
fringes result from a certain variation in diamond film thickness.

Figure 2 Schema of different interaction scenarios between
neighboring dislocations (a) annihilation, (b) fusion, and (c)
scattering.

Phys. Status Solidi A 213, No. 8 (2016) 2029

www.pss-a.com ! 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Feature
Article

Figure 2.69 Optical photograph of an Ir/YSZ/Si(001)wafer after BEN and 2 µm growth by
MWPCVD. Approximately 70 mm of the surface are covered by epitaxial diamond. The
interference fringes result from a certain variation in diamond film thickness. [128]

is reduced by two orders of magnitude to 1× 104 cm−1 [67]. This value can be decreased

even further by engineering the seed crystal, such as using a pyramidal-shaped seed in order

to out-deflect dislocations [76] or using a macroscopic hole for lateral growth with fewer

dislocations [81]. Additionally, the use of platinum nanoparticles has been demonstrated to

stop the propagation of some dislocations [78]. Defect densities as low as 2× 103 cm−1 have

been reported as described in detail in Section 2.4.4.3.

Figure 2.70 shows the development of the dislocation density along the growth of 1 mm of

heteroepitaxially grown SCD. The defect density at a film thickness of 10 µm was 3× 109 cm−1

and reduced to 3× 107 cm−1. An inverse dependency between the defect density and the

film thickness was identified. The average distance between defects increases with decreasing

density. This reduces the probability for defect interactions and potential annihilation [128].
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Thus, interpolating Figure 2.70 to 2× 103 cm−1, the state of the art for homoepitaxy, would

require 50 km of heteroepitaxially grown SCD. Assuming a growth rate of 10.417 µm h−1 (this

yields 250 µm per day) the total deposition time would be 547 570 years for a single substrate

assuming that nothing goes wrong and also neglects any additional time for analysis and

reconditioning of the substrate between growth steps. The absurdity of the is number is

obvious. Research on alternative ways to reduce the defect density, and internal stress, in

heteroepitaxially grown diamond are ongoing and summarized by Schreck et al. [128]. It

remains questionable if heteroepitaxy will ever be a viable option for growing large area high

quality SCD wafers.

using !1000 eV Ar ions, and finally, etch pits were created by
a !5 min treatment in a CO2/H2 microwave plasma (!150
mbar, !2000 W, 1% CO2). The areal density of the pits was
derived from scanning electron microscopy (SEM) images.
Additionally, for film thicknesses below 10 lm, the disloca-
tion density was analysed by transmission electron micros-
copy (TEM) on prepared plan view samples.

The electronic properties of a heteroepitaxial diamond
sample grown in a similar two-step process were tested using
particles from a mixed nuclide a-source consisting of the
three radio nuclides 239Pu, 241Am, and 244Cm with the main
a-line energies E1a¼ 5.159 MeV, E2a¼ 5.486 MeV, and
E3a¼ 5.804 MeV, respectively. The sample was configured
as a particle detector of parallel-plate geometry metallised
with Ti/Pt/Au (50/50/100) nm circular electrodes with a
diameter of 3 mm.

Figure 1(a) shows a map of the full width at half maxi-
mum (FWHM) of the first order diamond Raman line corre-
sponding to the zone centre optical phonon with a theoretical
position of 1332.4 cm#1.8 The map comprises a lateral width
of 200 lm and a thickness of 962.5 lm including the com-
plete nucleation layer. It shows a continuous quite homoge-
neous decrease of the line width with increasing film
thickness. At some isolated spots (lateral position of
!160 lm), the presence of a major defect seems to slow
down the structural improvement. Above a thickness of
300 lm essentially all inhomogeneities have disappeared.

In Figs. 1(b) and 1(c), the laterally averaged Raman peak
width and the PL intensity deduced from the corresponding
maps are plotted vs. the z-position in the sample. Nitrogen
was added to the feed gas only during the first part of the
CVD process. The inset of Fig. 1(b) zooms in on the thickness
region where nitrogen was switched off. It highlights that the
abrupt decrease in PL intensity is also accompanied by a small
but clear drop in the Raman line width by !0.15 cm#1.

The absolute change in the averaged Raman line width
ranges from !10 cm#1 at the nucleation side to 1.86 cm#1

after !950 lm growth. Under identical settings of the
Raman measurement setup, a value of 1.57 cm#1 is obtained
for low defect density homoepitaxial layers.

The huge reduction of the Raman line width after
extended growth originates from structural changes.
Specifically, we consider one-dimensional defects like thread-
ing dislocations. For a quantitative evaluation of their density
by X-ray topography, the absolute values are too high. We
therefore used preferential etching in a microwave plasma to
uncover the points where the dislocations emerge at the sur-
face.9 For samples thinner than 10 lm the values were coun-
terchecked by TEM. Figure 2 summarizes the data obtained
from both techniques. The data points derived by TEM are
significantly higher than the ones from the etching technique.
We interpret this in terms of dislocations with very small
lateral distance forming only one combined or several com-
pletely overlapping pits so that the etching method underesti-
mates the density for thin layers significantly. We therefore
consider the TEM data more reliable in this range.

Over two orders of magnitude in thickness d, the dislo-
cation density roughly follows a 1/d relationship as indicated
by the fit curve. Even the nitrogen switch off after 500 lm
growth did apparently not change the behaviour

FIG. 1. (a) Map of the peak width of the first order diamond Raman peak. The lateral
range of 200lm was divided into 21 steps. The depth range was measured in two
windows. The first started at the nucleation layer and extended up to a thickness of
100lm with a step width of 2lm. The second ranged from 100lm up to 962.5lm
with 12.5-lm-steps. (b) Raman peak width averaged over all lateral positions. The
width of the error bar corresponds to the standard deviation. The inset highlights the
thickness region in which the N2 supply (250ppm) was switched off. (c) Integral pho-
toluminescence intensity in the spectral range 655–719nm. The data for the PL line
scan were taken from the corresponding map at a lateral position of 200lm.

FIG. 2. Dislocation density derived from the analysis of etch pits (red
squares) and from TEM measurements (blue open circles) vs. the crystal
thickness. The dashed red line shows a 1/d fit in the range 20–1000 lm.

151905-2 Stehl et al. Appl. Phys. Lett. 103, 151905 (2013)

Figure 2.70 Dislocation density derived from the analysis of etch pits (red squares) and from
TEM measurements (blue open circles) vs. the crystal thickness. The dashed red line shows
a 1/d fit in the range 20–1000 µm. [134]

74



2.8 Computational description of the formation of pulsed

microwave discharges

Lombardi et al. [135] provided a refined model based on previous computational work

describing continuous [136] and pulsed [137] microwave discharges and compared the modeled

data with experimental results. Both, the modeling and experimental conditions were a

pressure up to 20 kPa (150 Torr). 6 kW of absorbed power resulted in an absorbed power

density of 65 W cm−3. The gas mixture contained 5 % CH4 in H2 and the total flow rate was

200 sccm. The experimental gas temperature was determined from the Doppler broadening

of the Hα emission line [138].

The model used to describe the plasma discharge was a quasi-homogeneous model of

a H2/CH4 mixture, which consisted of 28 neutral and ionized chemical species and 130

possible chemical reactions within three sets: The first set of reactions described the thermal

hydrocracking in a hydrogen-methane gas mixture, the second involved the electron-impact

dissociation and ionization processes of hydrocarbons and molecular and atomic hydrogen.

The third set of reactions was related to the ion conversion and dissociative recombination

of ions. A description of the time evolution of the discharge would in principle require the

time integration of the species continuity equation and the total energy equation for a 2D

geometry [135]. However, treating the problem in a 2D geometry was difficult due to the

large number of species and the high pressure and high temperatures in the system. Thus, a

quasi-homogeneous plasma model with two distinguished plasma regions was assumed: (i) a

spatially homogeneous region which corresponded to the plasma bulk, and (ii) a boundary

layer where all the plasma parameters, species, mole fractions, and gas temperature were

assumed to vary linearly. Surface effects due to the substrate were assumed to be dominant
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over those coming from the reactor walls, which were neglected, i.e. plasma wall interactions

were excluded. The plasma ignition was assumed to be occurring under isobaric conditions.

Details on the actual computational equations to carry out simulations based on those

boundary conditions were reported by Lombardi et al. [135] using a substrate temperature of

1000 K and details of the time evolving parameters were presented.

Overall, it was found that the gas temperature obtained from the model was in agreement

with the measured temperature, but a discrepancy was observed in the shape of the early

time variation; see Figure 2.71.

The estimation of the power density in the discharge implicitly
assumes that all the power delivered by the generator was coupled in
the emissive discharge volume. But the power actually absorbed by
the plasma may be substantially different from the one delivered by
the microwave supply, especially under pulsed mode. Several stud-
ies were devoted to this point, and the energy coupling efficiency in
our microwave plasma reactor was previously investigated under the
continuous regime by Gordon et al.41,42 It has been shown that, for
3800 Pa/1 kW, at least 90% of the input power is deposited in the
plasma under continuous mode. The steady state under our pulsed
mode is reached after 1 ms, and the discharge is then very similar to
that obtained under continuous mode. The power coupling after this
first millisecond thus would be comparable to that obtained under
continuous mode. However it is difficult to estimate the efficiency of
the power coupling at the beginning of the pulse. In particular, the
procedure used to estimate this efficiency in continuous mode can-
not be transposed to the pulsed regime. We therefore assumed that
the power coupling is similar over all the pulse, which means that
90% coupling efficiency was also assumed at the beginning of the
pulse.

Comparison between measured and calculated gas tempera-
ture.—Figure 8 shows the calculated time variation of the gas tem-
perature for a duty cycle of 17% and a pulse period of 40 ms.
Comparison with the temperature measured from the Doppler broad-
ening of the H! emission line shows that, although very good agree-
ment is obtained for the steady-state value achieved by the gas tem-
perature during the power-on fraction of the cycle, there is a
substantial discrepancy in the maximum temperature during the
strong heating phase. While the H (n ! 3) shows a maximum value

of 3000 K corresponding to an overheating of 800 K with respect to
the steady state, the model only yields a maximum of 2300 K cor-
responding to an overheating of 100 K.
There is no clear reason to explain the existence of the maximum

observed in the time variation of the H (n ! 3) translational tem-
perature. However, two main effects may possibly be invoked to
interpret the behavior of this variation.
1. The first effect is related to the assumption of thermal equilib-

rium between the H (n ! 3) and H (n ! 1). This equilibrium is
warranted only if the H (n ! 3) is mainly produced through
electron-impact excitation from H (n ! 1). The relative predomi-
nance of the different production paths of H (n ! 3) has already
been examined for pure H2 plasmas in Ref. 6, where the authors
showed that at high electron temperature and low H atom density,
the production of H (n ! 3) is likely to proceed through dissocia-
tive excitation of H2 , i.e., H2 " e → H (n ! 3) " H " e. There-
fore, considering the sharp increase of electron temperature and den-
sity at the plasma ignition "Fig. 9#, the production of H (n ! 3)
may be due to dissociative excitation during the first 250 $s and
through a direct electron impact of H (n ! 1) at the steady state.
Note that, in the considered plasmas, dissociative excitation pro-
cesses may not only occur on H2 but also on several hydrocarbon
molecules, e.g., CH4 " e → CH3 " H (n ! 3) " e.
2. The second reason that may explain the observed behavior is

related to the uncertainty in the discharge volume determined ex-
perimentally. The experimentally observed variation of Tg may be
interpreted in terms of a nonhomogeneous power deposition and
plasma expansion effect. When all the microwave power is trans-

Figure 6. Ignition of the plasma ball, observed using a Flascam. Plasma conditions: peak power ! 800 W, pressure ! 32 mbar, MWPD ! 12 W cm#3.
%Ts& ! 500 K.

Figure 7. Evolution of MWPD and plasma volume as a function of time.
Plasma conditions: %Ts& power ! 800 W, pressure ! 3200 Pa, MWPD
! 12 W cm#3, Ts ! 500 K.

Figure 8. Comparison of the gas temperature obtained from experiments
"H! temperature# and from modeling. Plasma conditions: peak power
! 800 W, pressure ! 3200 Pa, MWPD ! 12 W cm#3, duty cycle 17%.
Ts ! 500 K.
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Figure 2.71 Comparison of the gas temperature obtained from the experiments (Hα temper-
ature) and from modeling. Plasma conditions: peak power = 800 W, pressure = 3200 Pa,
MWPD = 12 W cm−3, duty cycle 17 %, Ts = 500 K. [135]

Additionally, the modeling results indicated that [H] and [CH3 radical densities were

substantially enhanced when small duty cycles below 50 % were used, i.e. see Figure 2.72.

The enhanced species densities were caused by higher peak gas temperatures, which caused

significantly higher levels of thermal dissociation of species.

Gicquel et al. [139] were providing further insight of the modeling process by comparing
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atom and the CH3 radical. For long duty cycles !typically above
50%", the difference between pulsed and continuous mode is not
significant, whereas for short duty cycles !30%", the densities of H
atoms and CH3 radicals increase simultaneously, which is of great
interest for the fast growth of high quality diamond.
Figure 14 shows actinometric measurements of the H atom mole

fraction as a function of the duty cycle obtained for an input power
density averaged over a period of 1 kW. The details of the method of
measurement and its validation have been discussed previously.6 A
qualitative behavior similar to that obtained from modeling is ob-
served for the relative variation of H atom density as a function of
the duty cycle.

Conclusion
In this paper, we have discussed some time-resolved measure-

ments and simulations of H2 /CH4 pulsed plasmas produced in a
microwave cavity configuration and used for diamond deposition.
The experimental work was based on the estimation of the time
variations for gas temperature and plasma volumes during the dis-
charge pulse. The measured time-dependent power densities were
used in a thermochemical, nonstationary zero-dimensional model
that describes the discharge dynamics. A comparison of the experi-
mental and modeling results showed the following.
1. A good agreement for the gas temperature value was reached

at the steady state.

2. There was a discrepancy between the calculated and measured
temperatures for the strong heating phase that takes place during the
early stage of the pulse. Some possible effects, involving thermal
nonequilibrium of the H (n ! 3) excited states, were invoked and
analyzed to explain this discrepancy.
The satisfactory estimation of the steady-state gas temperature

allowed us to analyze the effect of the duty cycle on the time varia-
tion of H atom and CH3 densities. Finally, the simulation showed
that at a constant time-averaged power, a decrease in the duty cycle
should lead to an increase in the time-averaged densities of both H
atoms and CH3 radicals. In particular, the use of small duty cycle
values, i.e., typically less than 50%, leads to a substantial increase in
these densities and should improve both the growth rate and the
quality of the deposited diamond films.
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Université Paris Nord assisted in meeting the publication costs of this

article.

References
1. S. J. Harris, Appl. Phys. Lett., 56, 2298 !1990".
2. A. Gicquel, F. Silva, and K. Hassouni, J. Electrochem. Soc., 147, 2218 !2000".
3. D. G. Goodwin, J. Appl. Phys., 74, 6888 !1993".
4. D. G. Goodwin, J. Appl. Phys., 74, 6895 !1993".
5. K. Hassouni, O. Leroy, S. Farhat, and A. Gicquel, Plasma Chem. Plasma Process.,
18, 325 !1998".

6. A. Gicquel, M. Chenevier, K. Hassouni, A. Tserepi, and M. Dubus, J. Appl. Phys.,
83, 7504 !1998".

7. A. Rousseau, L. Tomasini, G. Gousset, C. Boisse-Laporte, and P. Leprince, J. Phys.
D, 27, 2439 !1994".

8. J. Laimer and S. Matsumoto, Plasma Chem. Plasma Process., 14, 117 !1994".
9. J. Laimer and M. Shimokawa, S. Matsumoto, Diamond Relat. Mater., 3, 231

!1994".
10. J. Laimer and S. Matsumoto, J. Refract. Met. Hard. Mater., 14, 179 !1994".
11. M. Noda, H. Kusakabe, K. Taniguchi, and S. Maruno, Jpn. J. Appl. Phys., Part 1,

33, 4400 !1994".
12. Z. Ring, T. D. Mantei, S. Tlali, and H. E. Jackson, J. Vac. Sci. Technol. A, 13, 1617

!1994".
13. H. Chatei, J. Bougdira, M. Remy, P. Alnot, C. Bruch, and J. K. Kruger, Diamond

Relat. Mater., 6, 505 !1997".
14. A. Hatta, H. Suzuki, K. Kadota, H. Makita, T. Ito, and A. Hiraki, Plasma Sources

Sci. Technol., 5, 235 !1996".
15. A. Hatta, K. Kadota, H. Makita, T. Ito, T. Sasaki, A. Hiraki, and S. Okada, Appl.

Phys. Lett., 66, 1602 !1995".
16. Y. A. Mankelevich, A. T. Rakhimov, N. V. Suetin, and S. V. Kostyuk, Diamond

Relat. Mater., 5, 964 !1996".
17. A. M. Gorbachev, V. A. Koldanov, and A. L. Vikharev, Diamond Relat. Mater., 10,

342 !2001".

Figure 12. Calculated CH3 radical density for different duty cycles, at a
constant average microwave power ! 600 W, Ts ! 1000 K.

Figure 13. Calculated average densities of H atom and CH3 radical as a
function of the duty cycle, at a constant average microwave power
! 600 W, Ts ! 1000 K.

Figure 14. Actinometric measurements obtained with 2% argon, at 5200
Pa/1 kW, with a constant power-off fraction of the cycle ! 2 ms. The data
shows the relative evolution of H atom density as a function of the duty
cycle.
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Figure 2.72 Calculated CH3 radical density for different duty cycles, at a constant average
microwave power = 600 W, Ts = 1000 K. [135]

the results of continuous and pulsed models. The same experimental settings used by

Lombardi et al. [135] were used in their work. The time evolution of the plasma discharge was

experimentally determined and the results were shown in Figure 2.73. It was observed, that

the discharge density during the brief ignition period was significantly higher (≈ 225 W cm−3)

before stabilizing to it steady state value (12 W cm−3). This in combination with the observed

temperature overshoot of more than 800 K during discharge ignation and its discrepancy with

the modeling results, as shown in Figure 2.71, led Gicquel et al. [139] to the assumption, that

the quasi-homogeneous model did not properly describe the ignition phase. They concluded,

that the discharge was initially forming just above the substrate in a small region with a

strong electric field. Hence, all the microwave power would be confined in a small volume

resulting in a significant amount of gas heating. Afterwards, the second stage of the discharge

formation was following the quasi-homogeneous model. Gicquel et al. [139] recommended to

use at least a 1D model that would properly describe the discharge expansion and the spatial

non-homogeneity, but have not followed up on that as their overall model led to satisfactory
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predictions of the steady state description.

!" #$%&'()*#!"#$%& '$"!()$%*#+!*!$(,-

3. Plasma Modeling
3.1 Plasma Modeling in continuous mode and for a
cavity configuration

In order to understand the different phenomena which
occur in microwave cavity plasmas typical for diamond
deposition operating in cw mode, two models have been
developed: a 2D self-consistent diffusive H2 plasma model15

and a non-self-consistent one-dimensional diffusive/convec-
tive CH4 + H2 plasma model5.

The first model enabled us to understand how the en-
ergy is deposited into the plasma and to determine the main
processes which control electron energy and density, gas
heating, hydrogen dissociation and plasma/surface energy
transfers. The second model, which involved input data pro-
vided by the self-consistent model or by experimental meas-
urements, enabled us to understand the chemical kinetics
and transport of H-atoms and carbon-containing species.
The physical model used in the latter model describes the
thermal non-equilibrium of this kind of plasma by taking
into account three energy modes: the translation-rotation
mode of heavy species (‘t-r’), the vibration mode of mol-
ecules (‘v’) and the translation mode of electrons (‘e’). The
‘t-r’ and ‘v’ modes are described by a Maxwell-Boltzmann
distribution function with two different temperatures, re-
spectively denoted Tg and Tv. For the ‘e’ (electronic) mode,
the electron energy distribution function (EEDF) is deter-
mined for several discharge conditions by solving the elec-
tron Boltzmann equation for the H2/H/CH4 system16,17. The
electron-heavy species collision rate constants are then
curve-fitted as a function of the electron average energy.
The use of these curve-fit along with a balance equation for
the electron average energy enables us to take into account
the non-Maxwellian behavior of the EEDF.

As far as chemistry is concerned, the kinetics model used
in this work is similar to that of Ref. 5. The chemical non-
equilibrium of the plasma is described by taking into ac-
count 31 chemical species and 134 reactions. The chemical
model involves three groups of reactions. The first corre-
sponds to the chemical model necessary to describe a pure
hydrogen plasma, while the second group describes the ther-
mal cracking of methane and takes into account CHy=0 4 and
C2Hy=0-6 neutral species. The third reaction group consists
of collisions involving charged species such as electron
impact ionization and dissociation of hydrocarbon species,
ion conversion processes and dissociative recombination of
hydrocarbon ions16,17.

3.2- Plasma Modeling in pulsed mode

The physical plasma model used for H2-CH4 pulsed
plasma extends that previously mentioned. In principle, the
prediction of the time-variation of the plasma characteris-
tics requires the solution of the time-dependant transport
equations for the chemical species, the flow momentum
components and the total energy. In addition, the electron
Boltzmann equation and an electromagnetic model that en-
able to describe the plasma-wave interaction and the elec-
tron heating should be considered and coupled to the plasma
transport equations. This leads, for a two-dimensional ge-
ometry, to a quite complex and intractable numerical prob-
lem that is out of the scope of this work. We focused on the
investigation of the plasma dynamic in a pulsed wave re-
gime, that is on the determination of the time-variation of
species densities, gas temperature and eedf in the bulk of
the plasma. For doing so, a Nusselt model was used to de-
scribe the plasma flow in the case of the 915 MHz surface
wave configuration device8.

The Nusselt model used to describe the plasma flow in
a cylindrical reactor assumes a radial homogeneous plasma
volume and a linear boundary layer where all the plasma
parameters are assumed to vary linearly. The thickness of
the boundary layers is in addition assumed to remain con-
stant along the reactor (Fig. 5). Under these assumptions,
the concentration of a given species only depends on the
residence time, t, in the reactor. This latter is related to the
axial position through the relation t = z/<v>, where <v> is
the radially averaged plasma flow velocity. The time-varia-
tion of species population in the bulk of the plasma is equal
to the total net production rates due to gas phase chemistry
and to catalytic reactions on the reactor wall. This may be
expressed using the following ordinary differential equa-
tion :

ρ
sss RW

dt
dY −

= (1)

Figure 4. Evolution of plasma volume and MWPD as a function
of the time. Plasma conditions: in-pulse power 800 W, 3200 Pa,
power density of 12 Wcm-3.

Figure 2.73 Evolution of plasma volume and MWPD as a function of the time. Plasma
conditions: in-pulse 800 W, 3200 Pa, power density of 12 W cm−3. [139]

Brinza et al. [140] re-evaluated the unstationary 1-D axial plasma model previously used

[136, 137, 139] to identify which pulsing parameters would result in the highest average active

species densities. The modeling efforts focused on [H] and [CH3]. High [CH3] densities were

obtained under the presence of high atomic hydrogen densities, i.e. high gas temperature

[141]. However, the ideal gas temperature for [CH3] generation ranged between 1500 and

2000 K [142] as higher temperatures favored the conversion of CH3 into other carbon species,

i.e. CH2 or CH. The importance of optimizing the pulsing parameters resulted out of the fact,

that the gas temperature became a time-dependent variable under pulsing conditions. The

gas temperature was decreasing during the shutdown of the plasma due to heat convection

without providing power to offset the losses. The variation of the gas temperature and its

impact on the [CH3] density inside the plasma discharge region was plotted in Figure 2.74. In

continuous operation the gas temperature remains constant at a fixed position in the reactor

once steady state conditions were reached.
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off
, an increase of CH
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, the best compromise found up to date is around 2 ms in 

order to limit the lost of atomic hydrogen to 50%, during the plasma off. 
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Fig. 5 (online colour at: www.pss-a.com) Temporal evolution of [H] (left) and [CH
3
] (right) calculated at a dis-

tance of 900 µm from the substrate during the pulse for a t
on
 of 15 ms and a t

off
 varying beetwen 1 ms and 3 ms. 

Figure 2.74 Temporal evolution of [H] and [CH3] calculated in the plasma bulk for ton =
15 ms and toff = 3 ms. CH3 species production is favoured at the ignition and at the shut
down of the plasma when the gas temperature is in the range 1500 - 2000 K. [140]

The temporal development of the [H] and [CH3] species for different off times toff were

evaluated in Figure 2.75. toff of 2 ms was found to be the optimal values as only 50 % of

hydrogen is lost during the off time of the plasma while enhancing the [CH3] density. The

enhancement of [CH3] density for lower toff is reduced, while the hydrogen concentration is

greatly reduced when toff increased from the optimal off time of 2 ms as significantly more

recombination occurs.
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Figure 2.75 Temporal evolution of [H] (left) and [CH3] (right) calculated iat a distance of
900 µm from the substrate during the pulse for a ton of 15 ms and a toff varying between 1 ms
and 3 ms. [140]
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The temporal development of the [H] and [CH3] species for different off times ton were

evaluated in Figure 2.76. It was found, that [H] needed around 4 ms to reach 80 % of its

steady state value, which is the minimum desired ensity. Hence, for ton of 8 ms only 50 % of

the on state were in the desired high hydrogen density range, while the fraction increased to

75 % when ton was 15 ms. Thus, ton of 15 ms was identified as the optimal on state duration.2852 O. Brinza et al.: Improvement of energetic efficiency for homoepitaxial diamond 

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-a.com 
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Fig. 6 Temporal evolution of [H] (left) and [CH
3
] (right) calculated at a distance of 900 µm from the substrate 

during the pulse for different t
on
 and a t

off
 of 2 ms. 

 

 Thus, the higher growth rate obtained for (15;2) than for (8;2), can be interpreted by the higher net 

production of both CH
3
 radicals and H atoms for (15;2), than for (8;2). 

 Moreover, it is worth noting that the time during which the sample is exposed to the plasma varies as a 

function of the duty cycle: for t
on
 = 8 ms and t

off
 = 2 ms, the exposure time of the sample to the plasma 

has been estimated to be only 80% while this time reaches 88% for t
on
 = 15 ms and t

off
 = 2 ms. This may 

play a role on the observed gap between the growth rates obtained for these two experimental conditions. 

4! Conclusion 

In this paper, growth of single crystal diamond has been performed using pulsed microwave plasmas. By 

a judicious choice of t
on
 and t

off
, it has been shown that an increase in the growth rate can be obtained 

even while coupling less microwave mean power to the plasma. This can be an issue for reducing sig-

nificantly the production cost of single CVD-diamond crystals. In particular, an increase of the growth 

rate by 25% has been obtained while the microwave power was reduced by 15%. Thanks to a unstation-

ary 1D-axial plasma model, the increase of the growth rate has been mainly attributed to an improvement 

of CH
3
 radicals net production by modulating gas temperatures during the process, which reduces the 

CH
3
 radicals conversion into other carbon species occurring for temperature higher than 2000 K. A com-

promise between CH
3
 radicals and H atoms production and loss, which are strong functions of space and 

time, was found for t
on
 = 15 ms and t

off
 = 2 ms. 
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Figure 2.76 Temporal evolution of [H] (left) and [CH3] (right) calculated iat a distance of
900 µm from the substrate during the pulse for different ton and toff of 2 ms. [140]

Overall, Brinza et al. [140] reported that ton = 15 ms and toff = 2 ms were the most

efficient pulsing durations. This was experimentally verified, see Section 2.9. The frequency,

corresponding to the pulsing durations, was 58.8 Hz and the duty cycle was 88.2 %. However,

Brinza et al. [140] do not comment on why their recent findings are vastly different compared

to previous results, i.e. Lombardi et al. [135] and Gicquel et al. [139] suggested low duty

cycles, as low as 17 % to enhance the generation of [H] and [CH3] species.

2.9 Diamond synthesis using pulsed microwave discharges

Diamond synthesis using pulsed microwave discharges was demonstrated by various research

groups [140, 143, 144, 145, 146, 147, 148] and reported on an increased growth rate across

the board.
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Vikharev et al. [143] reported on PCD growth using a type A version of the MCPR

between 50 and 70 Torr. The pulsing frequency was between 60 and 1000 Hz. They reported

on pulsing as an efficient way to enlarge the discharge dimensions, which could be utilized in

a larger growth area.

Tallaire et al. [144] were the first to report successful SCD deposition using pulsed

discharges in the LIMHP reactor [70]. Process pressures were up to 202.5 Torr. No information

on the pulsing frequency was reported, while duty cycles were selected as 50 %. Pulsing

was found to increase the growth rate by 40 % when the same average power was applied.

Additionally, they reported on less reactor heating in pulsed operation. Subsequently, the

larger discharge dimensions under pulsed conditions due to the higher peak power levels were

utilized by Tallaire et al. [145]. Three SCD samples were grown simultaneously. Based on

the given power density of 95 W cm−3 the pressure was expected to be around 170 Torr [70].

The reported pulsing frequency was 750 Hz with a 50 % duty cycle. The growth rates for

the three grown diamond films were 9, 12 and 19 µm h−1. The sample, which grew much

faster was located in the center of the deposition area. The sample was significantly (100 ◦C)

warmer than the others and encountered a thermal run away in temperature, which increased

the growth rate significantly.

Brinza et al. [140] supported their modeling efforts with some SCD deposition experiments.

They found, that on times ton of 15 ms and off times toff of 2 ms increased the growth rate by

25 %. The on and off times corresponded to a frequency of 58.8 Hz and a duty cycle of 88.2 %.

Surprisingly, they reported on reduced deposition rates for certain other combinations of ton

and toff as shown in Figure 2.77.

Muchnikov et al. [146] reported on pulsed SCD deposition up to 250 Torr for 150 and

250 Hz at a 50 % duty cycle. They reported in an overall growth rate increase when pulsing
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 varies. However, it clearly appears that an increase in the growth rate is obtained while inject-

ing a lower MWMP for some very specific conditions, which is the case for a t
on
 of 15 ms and a t

off
 of 

2 ms, noted (15;2) below. 

 The resulting morphology, observed by DICM (not presented here) on the different samples, is very 

similar for all the samples. None unepitaxial crystallite is observed and the final roughness is close to 

that obtained in CW mode. The diamond quality and purity characterized by Raman and photolumines-

cence spectroscopy is similar whatever the growth conditions. Actually, even if the plasma is stopped 

several millisecond during the process, the high microwave power density used in this study leads, as we 

will see later, to high atomic hydrogen density (several 10
16

 cm
–3

) in the plasma phase ensuring the high 

quality of the material. A typical spectrum is given in Fig. 2 showing that no nitrogen nor silicon related 

centres are present. 

 It is then possible to increase the growth rate by 25% while injecting a MWMP 15% lower keeping 

similar characteristics of the grown layer. 

3.2 Plasma analysis 

Plasma simulations, based on a unstationary 1-D axial model developed previously in LIMHP have been 

performed [11, 12, 14]. Briefly, the model involves coupled equations in order to describe the main phe-

nomena occurring in the plasma and at the plasma-surface interface. Thus, continuity, transport (molecu-

lar diffusion and forced convection) and energy equations are solved simultaneously. The kinetics model 

used to describe the chemistry in H
2
/CH

4
 discharges involves three reaction groups. The first one corr- 
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Fig. 1! Growth rate of the different samples for differ-
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 and t

off
. The dot line represents a guide for the 

eyes corresponding to the growth rate obtained in con-

tinuous mode. For specific conditions, an increase of 

the growth rate is obtained while injecting a lower 

MWMP. 

Fig. 2 Photoluminescence spectrum of the sample 

grown using a t
on
 of 15 ms and a t

off
 of 2 ms. The exci-

tation wavelength was 514 nm. 

Figure 2.77 Growth rate of the different samples for different ton and toff. The dot line
represents a guide for the eyes corresponding to the growth rate obtained in continuous
mode. For specific conditions, an increase of the growth rate is obtained while injecting a low
MWMP. [140]

compared to continuous excitation as shown in Figure 2.78. The exact effect is hard to

quantify as the pressure was increased simultaneously with the pulsing. Additionally, it was

found that pulsing at 150 Hz resulted in 30 % higher growth rates compared to 250 Hz.

to 150 Hz caused the 30% increase of SCD growth rate at practically the
same gas pressure (250 and 260 Torr). Unfortunately, the experiments
performed provide no information about the reasons for the
dependence of the growth rate on the pulse repetition rate. One can
only hypothesize about these reasons. The hydrocarbon conversion
reactions proceed by the well-known scheme [12] with different
characteristic times. In the pulsed mode, the formed gas flows
contribute to stirring of the gas mixture and change the conditions
of the transport of chemically active particles to the substrate surface.
Production of chemically active particles in the plasmaalso depends on
the parameters of microwave pulses. Thus, the flow of chemically
active particles, which affects the diamond growth, towards the
substrate surface and their density and dynamics near this surface can
depend on the parameters of microwave pulses and the rate of their
repetition, and this dependence can be rather complicated. These
hypotheses require further development, both theoretical and
experimental, in order to determine the optimal parameters (repeti-
tion rate and duty cycle) of microwave pulses for growing of high-
quality SCD at the maximum rate.

For illustration Fig. 2 shows an optical photo and SEM image of two
samples (Samples 6p (a) and 7p (b)) after the deposition process.
Surface morphology of all samples is quite smooth without micro-
scopic defects such as cracks and unepitaxial crystallites. Note that the
surface of Sample 6p has the growth hillocks in some places, Fig. 3.
Probably, the growth hillocks originated from defects at the substrate
surface.

The comparison of the SCD growth rates in CW and PW regimes of
MPACVD reactor operation for an equalMWPDof 200W/cm3 (points C,
D, E and F in Fig. 1) is shown in Fig. 4. The experiments performed at
differentmethane contents (4% and 8%) showed that thegrowth rate for
a methane content of 8% was higher in all cases than that for a methane
content of 4% without changing of the SCD quality. Fig. 4 shows that for
the same MWPD, the SCD growth rate was higher under higher gas
pressure. The difference in SCD growth rates can be explained in the
same way as in [11], namely, by the fact that the densities of [CH3] and
[H] near the surface of the diamond substrate are higher in the case of a
high gas pressure than when the pressure is lower. But the result of
comparing the SCD deposition with the parameters marked as points D
and F in Fig. 1 shows the following.

For the sets of experiments with methane content of 4% the growth
rate in PW regime (parameters—F=150 Hz, p=260 Torr, point F in
Fig. 1) equals to 12 μm/h, but in CW regime (parameters—p=210 Torr,
point D in Fig. 1) the growth rate equals to 5 μm/h. In PWregime the gas
pressure is about 1.24 times higher than in CW regime, but the growth
rate differs by 2.4 times. For the sets of experiments with methane
content of 8% the growth rate in PW regime (point F in Fig. 1) equals to
22 μm/h, but in CW regime (point D in Fig. 1) the growth rate equals to
11 μm/h. In this case the growth rate differs by 2 times. Thus in PW
regime the growth rate is higher than in CW regime not only due to the
increase of gas pressure but also consequently due to the proportional
growth of densities of [CH3] and [H] radicals near the diamond surface.
Probably therewas the redistribution of [CH3] and [H] densities near the
SCD surface due to the dynamics of microwave discharge in PW regime.

Fig. 2. SCD samples after the deposition process: optical photo—Sample 6p (a), SEM image—Sample 7p (b).

Fig. 4. Dependence of the SCD growth rate on the gas pressure for CW and PW regimes
at the same MPWD of 200 W/cm3 and the methane content of 4% (circle) and 8%
(triangle). Letters on the graph corresponds to letters in Fig. 1.Fig. 3. Growth hillocks on Sample 6p surface (optical photo).

1227A.B. Muchnikov et al. / Diamond & Related Materials 20 (2011) 1225–1228

Figure 2.78 Dependence of the SCD growth rate on the gas pressure for CW and PW regimes
at the same MWPD of 200 W cm−3 and the methane content of 4 percent (circle) and 8 %
(triangle). [146]
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Vikharev et al. [147] reported on PCD growth between 60 and 160 Torr for frequencies

between 50 and 1000 Hz. They reported, that the growth rate was increased for the entire

frequency range compared to continuous excitation. Additionally, 250 Hz was found as

optimum frequency. This was in contrast to their previous reports on SCD deposition [146].

Yamada et al. [148] reported on a different pulsing approach. They investigated sub-ms

pulses in the kHz range as 2 ms are sufficient for dissipation of radicals [140]. The studied

frequency range was between 1 and 80 kHz and was supposed to promote inelastic collisions

of electrons. SCD deposition was performed on 10 mm× 10 mm CVD-grown seeds and used

4.7 % CH4 and 60 ppm N2 in the gas phase. An enhancement of the growth rate by a factor

of 4 was reported for on times of 10 µs. However, they reported, that the plasma became

unstable at 120 Torr. The plasma was stabilized by increasing the on times to 50 µs, but the

growth rate reduced significantly from 40 to 25 µm h−1 eliminating much of the enhancement

previously achieved. Overall, it can be assumed, that the minimum on time required to

provide a stable plasma, will increase even more when using pressures in the 300 to 400 Torr

range probably reducing the beneficial effects even more. Hence, it remains questionable, if

this different approach can be utilized efficiently at higher pressures.
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Chapter 3

The reactor and experimental techniques

3.1 The reactor and associated systems

3.1.1 The microwave plasma cavity reactor

The experiments employ a specific plasma reactor geometry identified here as the microwave

cavity plasma reactor (MCPR) [31]. The cross sectional schematic view of Reactor B is

shown in Figure 3.1. Lu et al. [31] reported on the reactor specifications and dimensions in

detail. The plasma discharge is achieved by utilizing a TM013/TEM001 hybrid mode within

the cylindrical applicator. The resonator length Ls and the probe position Lp were adjusted.

The highest sensitivity of the reactor coupling efficiency is with respect to the resonator

length [57]. Just small variations in Ls are enough to detune a well-matched reactor. Nad et

al. [57] reported that a mismatch as little as 2 mm can result in a drop of reactor coupling

efficiency ν by as much as 20 to 25 %. This illustrates how important a good understanding

of the reactor operational performance is and how critical a proper tuning, i.e. matching, of

the reactor is. All experiments reported here were carried out with a fixed reactor geometry.

The following fixed cavity dimensions were employed: Ls = 21.4 cm; Lp = 3.6 cm and Zs

= L1 – L2 = −4 mm. The applicator and cooling stage dimensions were fixed for Reactor
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B as follows: R1= 8.9 cm, R2 = 7.0 cm, R3 = 1.9 cm and R4 = 3.2 cm [31]. The reactor

operated very efficiently, such as no reflected power was recorded, with this set of parameters

over the range of the experimental conditions, i.e. pressures of 120 tor 400 Torr, used in this

investigation.

Figure 3.1 Cross sectional schematic view of Reactor B. [31]

3.1.2 Peripheral systems

The MCPR has a set of peripheral subsystems, which are required for operation. The

schematic of a complete diamond deposition system, including its subsystems, is shown in

Figure 3.2. It consists of five major subsystems: (1), the microwave power delivery and

trasmission subsystem (2), the chamber subsystem (3) the gas flow control subsystem, (4) the
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pressure control subsystem and (5) the cooling control subsystem and has been extensively

described previously [43] [60] [149] [150].
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Figure 4.1 - Overall microwave plasma assisted CVD experimental system setup.
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Figure 3.2 Schematic of the various peripheral system on a MPACVD reactor for diamond
synthesis. [149]

The microwave power supply is discussed in detail in Section 3.1.3. The electromagnetic

microwaves are transmitted to the cavity through rectangular waveguides and coupled into

the reaction chamber through a coaxial coupling probe, which serves as antenna. Incident

and reflected power levels are measured by the power supply unit.
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The chamber subsystem consists of the vacuum chamber, the microwave plasma cavity

applicator, the quartz bell jar and the substrate holder configuration, whose position inside

the reactor is flexible with variables Zs = L1 - L2. The cavity consists of a cylindrical wall

and a movable sliding short at the top. A coaxial coupling probe is inserted into the cavity at

the top center point. This cavity design allows the adjustment of the sliding short position

in order to change the cavity resonator length Ls and coupling probe position inside the

resonator Lp. Having freedom over these four parameters (L1, L2, Ls, Lp) allows to optimally

match the resonator to achieve coupling efficiencies of almost 100 % [57]. The cavity is under

ambient conditions and sits on top of the reactor chamber, which is filled with process gases

(H2, CH4, . . . ). The reactor chamber is separated from the cavity through a quartz bell

jar. This dielectric window allows the transmission of microwaves into the discharge region

and helps to stabilize the discharge. This discharge region needs to be separated from the

ambient environment and is part of the microwave gas handling system. The substrate holder

configuration contains of a molybdenum substrate holder and a diamond seed crystal, which

is placed on top of the actively cooled stage [67].

The gas flow control subsystem consists of a gas manifold, which feeds several input gases

into the process chamber. Individual gas lines are opened and closed with pneumatic valves

and individual flow rates are controlled by MKS mass flow controllers. Typical gases used

for SCD synthesis are hydrogen (H2) methane (CH4) [44]. Additionally, argon (Ar) [84] or

nitrogen (N2) [69] can be added to enhance the SCD growth rate.

The pressure control system consists of a mechanical roughing pump (Alcatel 2020A),

pressure gauges and a throttle valve. The pump is used to pump down the chamber to a

base pressure of 1 mTorr. A 1000 Torr Baratron (MKS 626A13TBE) is used for monitoring

the process pressure. A Pirani (KJL275863LL) is used for recording the base pressure and is
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isolated from the chamber by a pneumatic valve during deposition runs. A throttle valve is

located between the vacuum chamber and the roughing pump and its position is adjustable

and can be varyied between fully closed and fully open. This regulates the chamber pressure

as the throttle valve position is controlled by a throttle valve controller (MKS Type 152A).

The cooling subsystem consists of a recirculating chiller (Lytron RC045J03BG0C011),

corresponding cooling lines and water flow meters to actively cool the microwave power

supply, the microwave plasma cavity applicator, the vacuum chamber and the substrate

holder configuration.

Several thermocouples are installed to the system in order to monitor the temperature of

individual components of the reactor. Operation and control of the individual components is

achieved by using a computer program, which was built using LabView 2016. The program

includes interlocks, which will automatically shut down the reactor in case of an emergency.

The shut down procedure consists of the following items: (1) setting the input power level

to 0 W to turn off the plasma, (2) turn off the process gases and (3) pump down to base

pressure.

A detailed discussion on the various variables and their influences on the performance of

a MPACVD reactor can be found in Chapter 7, Figure 4 of the Diamond Film Handbook

[43].

3.1.3 The stable and pulsable microwave power supply

The previous studies [30, 31, 57] used a Cober S6F microwave power supply with an excitation

frequency of 2.45 GHz. This model was lowly filtered and had a significant ripple due to the

AC to DC rectification. The resulting microwave excitation was pulsed with the superposition

of two pulsing frequencies at 60 and 360 Hz. The 60 Hz is due to the input AC frequency and
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360 Hz is caused by the three phases, which have been rectified. Thus, the microwave output

fluctuated significantly versus time. These effects were optically visualized by a flickering

plasma, which could even move around inside the reactor throughout a SCD deposition

experiment. That behavior became especially problematic around 300 Torr, where those

fluctuations frequently disturbed the discharge enough to die off for long enough that during

operation sometimes reignition failed. This limited the operational pressure range of the

reactor.

Thus, for the experiments presented in this dissertation the microwave power supply

was upgraded with a stable well-filtered power supply. The reactor was equipped with a

Muegge MX3000D-123KL switch mode microwave power generator and a MH3000S-210BB

magnetron head. The ripple of the generator is less than 5 %. This microwave power supply

can be operated in continuous or in pulsed excitation modes. Thus, it is possible to generate

an almost ideal square wave when operating in pulsed mode. The pulsing schematic is shown

in Figure 3.3. It is possible to set the high Phigh and low power Plow values between 0 and

3000 W. Additionally, the high Thigh and low durations Tlow can be set to full digit numbers

between 1 and 24 ms. Those four input variables are defining the pulsing frequency, duty

cycle and average power consumption as follows:

f =
1000

Thigh + T low
[Hz] (3.1)

duty cycle =
Thigh

Thigh + T low
[%] (3.2)

P avg =
Thigh · Phigh + T low · P low

Thigh + T low
[W] (3.3)
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The frequency can be set between 0 and 500 Hz by selecting the high and low durations,

but values are limited to a discrete set of frequencies. The pulsing frequency and duty cycle

are linked and different frequencies with the same duty cycle and vice versa can be selected.

Figure 3.3 Shape of the pulsed microwave excitation generated by the switch mode microwave
power generator and its variables.

3.1.4 The optimized pocket holder design for SCD growth

An optimized sample holder design was used to prevent PCD rim formation on the growing

SCD [67]. The holder dimensions are given in Figure 3.4 for the use with 3.5 mm× 3.5 mm

seed crystals. Figure 3.5 shows the dimensions of a holder optimized for rimless growth on

7.0 mm× 7.0 mm diamonds. The pocket is shallower compared to that used by Nad et al.

[72].

3.2 The cutting laser

A Bettonville Ultra Shape 5xs-IR system is used for diamond shaping and laser cutting. It is

operated with a continuous wave output Nd:YAG laser system from CSI Group. The output

wavelength is 1064 nm. The laser beam is focused on the sample using a computer controlled
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Figure 3.5 Schematic drawing of the pocketed sample holder optimized for rimless SCD
growth on 7.0 mm× 7.0 mm substrates including dimensions in mm.

optics. The laser beam is focussed on the cutting surface and the resulting spot size is 20 µm

in diameter. The laser power is 18 W and can is adjustable between 10 and 100 % of the

maximum power. The diamonds are glued on a cutting holder using Loctite 352 light cure

adhesive, which is exposed to a UV-A light emitting diode for hardening of the glue. The

holder fits into a robotic cassette, which has five degrees of freedom: in plane (x, y) and

vertical (z) movement, as well as in plane rotation and tilting of the sample in the vertical

direction. This allows for a variety of different cutting procedures, i.e. in plane framing,

slicing off of material and even SCD processing into more complex shapes such as brilliant or

princess cut.
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3.3 Van de Graaff Accelerator at Western Michigan Uni-

versity

Ion implantation was performed with a 6 MV tandem Van de Graaff accelerator at Western

Michigan University [151]. The accelerator tank is filled with a gas mixture of 80 % N2, 20 %

CO2 and traces of SF6 at a pressure of 200 psi to avoid sparking by trapping electrons. A

radio frequency (RF) ion source and a source of negative ions by Cs sputtering (SNICS) from

National Electrostatics Corporation was used for ion generation.

Carbon and oxygen ions passed through a tungsten mesh of 80 % transmission before

implanting into the substrates. The substrates were mounted on a holder stage with a two

dimensional in-plane freedom of movement. The stage was computer controlled and can be

used to irradiate SCD wafers of dimensions up to 3 inches by step-by-step exposure of the

entire surface area to the 6× 6 mm2 ion beam to achieve irradiation on surfaces larger than

the ion beam dimensions. The ion current on the substrates was measured to determine the

irradiation doses.

Proton (hydrogen ion) implantation was carried out in a separate electrically floating

scattering chamber. The proton beam was about 7.5 mm in diameter at the substrates.

Size and uniformity of the beam on the sample were determined by taking an image on a

gafchromic film prior to the actual exposure. After ion beam exposure the samples remained

in the scattering chamber at a pressure of around 10−4 Torr for 24 hours.
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3.4 Analytical Techniques

3.4.1 SCD dimensions

Growth rate and surface area of the grown SCD films have been measured by using a Solartron

linear encoder. The thickness of the crystal during growth was determined by averaging five

measurements; one in the center and four in the corners of the diamond. Weight gain of the

grown SCD films was measured using a Mettler Toledo XS205DU scale.

3.4.2 FTIR spectroscopy

Fourier transform infrared spectroscopy (FTIR) was used to determine the infrared (IR)

absorption of SCD plates using a Perkin Elmer 2000 spectrometer. The measurement range

was between 2500 and 25 000 nm (4000 to 400 cm−1). The transmitted intensity was recorded

and averaged over 16 individual measurements. The absorption coefficient was calculated by

applying a model of two parallel optical interfaces (air-diamond-air) [152].

3.4.3 Birefringence Imaging

Birefringence imaging was performed using a Nikon 3000D optical microscope in transmission

mode. The diamonds were placed on a custom made sample holder. Two cross-polarizing

polarization filters were in the optical path, one before and one after transmitting through

the substrates. The ranodmly polarized emitted from the microscope was linear polarized by

the first polarizer. Subequently, the polarization of the second polarizer is rotated by 90°.

Hence, all the linear polarized light reaching the second polarizer would be absorbed and no

transmitted intensity can be detected. The resulting image is black.

If a substrate containing internal crystalline stress is introduced into the optical path,
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the presence of the internal crystal stress causes a rotation of the polarization vector of the

traversing electromagnetic light wave. Thus, the exiting light beam is a superposition of both

polarization orientations (s and p). Now, the second polarizer will only absorb one of the

two polarizations and light, whose polarization was distorted due to the presence of internal

crystal stress is recorded at the CCD detector. The recorded image shows a 2D projection of

the distribution of the internal crystal stress.

The measurement setup offers a fairly good resolution in the range of 5 µm. Unfortunately,

the measurements are only of qualitative nature. Using the same exposure time for each

measurement reduces some of the uncertainty, but in order to truly perform quantitative

measurements a different setup is required, where the individual light intensities are recorded

and the amount of birefriengence is calculated in a 2D projection.

3.4.4 Raman spectroscopy

Raman spectroscopy was carried out using an Omnichrome argon gas laser with an excitation

wavelength of 514 nm and an output power of a 200 mW. The laser is focussed on the sample

using a 1482E MicraMate confocal Raman microscope resulting in a 10 µm spot size by using

a 40x magnification lens. Wavelength separation is done using a Horiba Jobin Yvon SPEX

1250M spectrometer with a 1800 cm−1 grating and the intensity is measured using a nitrogen-

cooled Spectrum One CCD with a spatial resolution of 0.2 cm−1. Full-width-half-maximum

(FWHM) of the Raman peak was determined using the software provided fitting routine for

Lorentzian shaped peaks.
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3.5 Setups for graphite removal

3.5.1 Thermal oxidation

A furnace from Thermo Systems, model Mini Brute 80, was used to perform thermal oxidation

experiments. The systems contained a Thermo ANA-Lock Controller for temperature control.

The furnace was heated up and and the chamber temperature stabilized for 90 min while

being purged with nitrogen before before using the furnace for thermal oxidation experiments.

For the thermal oxidation, the nitrogen flow was switched to an oxygen flow of 33 sccm prior

to loading the samples into the furnace. ubstrates were placed on a inch silicon wafer, which

was held horizontally by the supporting bars of a 4 inch wafer boat. This setup guaranteed

fast and secure loading of unloading of the subtrate and ensured sufficient exposure to the

oxygen.

3.5.2 Electrochemical etching

A setup similar to the one described by Marchywka [88] was established in order to etch

graphite electrochemically. A substrate was immersed into a conductive aqueous solution and

held in place between two electrodes. The electrodes were 15 mm× 15 mm of freestanding

boron-doped PCD. Both, the substrate and the two electrodes were held in plase by a 3D-

printed holder containing slots to vary the distance between the electrodes. The realization

of the setup is shown in Figure 3.6. A magnetic stirrer was used to to ensure a constant

circulation of the aqueous solution. A Fischer Scientific FB1000 DC power supply was

operated in voltage control mode and was used for the generation of the electric potential

and the current flow. The power supply was limited to maximum potentials of 1000 V and

maximum currents of 1 A. Additionally, the power consumption is limited to 500 W.

95



Figure 3.6 Realization of the electrochemical etching setup based on Marchywka [88].
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Chapter 4

SCD processing

This chapter was previously published 2014 in volume 42 of Diamond and Related Materials,

pages 8-14, under the title Substrate crystal recovery for homoepitaxial diamond synthesis.

The authors were M. Muehle, M. F. Becker, T. Schuelke and J. Asmussen. Elsevier provided

permission for reprint, both electronically and as hardcopy.

4.1 Introduction

The MPACVD synthesis of single crystalline diamond SCD is rapidly progressing with the

potential to impact future diamond applications by making the material available at lower cost,

higher quality and with wafer dimensions comparable to other semiconductor wafer substrate

materials. Since the synthesis of SCD was first achieved [153], significant improvements

were reported such as growth rates exceeding 100 µm h−1 [65] and the synthesis of electronic

grade diamond [154]. To date high-quality SCD is fabricated of sufficient size to implement

sophisticated diamond applications. For example, advanced optical SCD applications such as

Raman laser crystals [10, 155] and X-ray optical components [6, 7, 156, 157, 8, 158, 159, 160]

are emerging. Successful wafer based ultraviolet (UV) emitting opto-electrical devices as

well as electronic device fabrication were recently reported [161, 162, 163, 164, 165]. Many
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advanced applications require large crystals to become economically feasible for diamond

device manufacturing. Economic viability requires reuse of the diamond seed crystals.

Furthermore, to achieve consistent reproducible high quality CVD grown diamond it is

necessary to at least maintain a constant seed crystal quality. Thus it is desirable to develop a

seed recovery process that does not introduce additional defects into the seed crystal surface.

The need for a cheap and efficient seed recovery process becomes apparent, when multiple

substrates, i.e. 80 or more [166], are used per process run.

There are different ways to separate the grown material from the seed crystal. Ion

implantation creates a thin carbon defect layer in the seed crystal, which then separates

the seed with low material loss [92, 94]. However, the method requires highly sophisticated

machinery and processing time. Another approach used by researchers is laser cutting. Since

modern diamond gem processing uses a laser for facet cutting that technology is already well

developed. Insights of the diamond laser ablation process are discussed in [167]. However,

there have been no publications on laser cutting with the purpose of seed separation or

recovery. In this paper we describe a three-stage seed recovery procedure, which can be

performed with commercially available laser cutting equipment. It is shown that the growth

process and post-processing do not affect the seed crystal. This allows the recovery of the

seed for multiple uses and opens the potential for seed crystal surface engineering via laser

processing.
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4.2 The three stage SCD material separation process us-

ing laser cutting

The seed crystal recovery is a three-stage process that has been performed on over several

hundreds of samples. First, the grown CVD material is separated from the seed by laser

cutting. The high power density output allows cutting a 3.5 mm× 3.5 mm sample within

5 minutes. The cut of a 7 mm× 7 mm seed takes approximately 20 minutes. Two different

mounting setups are available: one with freedom of sample rotation and inclination towards

the laser beam and one which can perform up to 12 cutting processes with fixed sample

rotation. Usually the cut is performed in the interlayer between the seed and grown crystal

material. Material loss occurs due to the nature of the process. As shown in Figure 4.1 a

triangular cutting profile is performed resulting in one straight and one inclined cut with

a height difference of the profile depth. The laser beam is scanned horizontally over the

sample and ablating 90 µm deep and 25 µm broad layers without repetitions on each spot.

Recent focus is set on a two-stage laser cutting procedure with reversed profiles to achieve

two straight cuts. The profile is limited by the laser spot size and the chosen angle. Best

results are achieved with an angle of 35 mrad resulting in approximately 175 µm material

ablation for 3.5 mm× 3.5 mm samples. This increases to 350 µm for 7 mm× 7 mm substrates.

This effect is almost linear and will reach 500 µm when separating CVD-grown material from

10 mm× 10 mm substrates. When out of focus the spot size will increase and the cutting

profile is widened causing more material loss. When cutting in the HPHT/CVD interface

the type Ib HPHT material loss is in the range of 30 to 50 µm and mainly determined

by the operators skill to identify the bottom end of the seed crystal after mounting. The

increased material loss with increased substrate size is a disadvantage of laser separation.
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For a 10 mm× 10 mm sample and having a SCD growth rate of 20 µm h−1 this results in the

loss of one day worth of growth time due to the cutting procedure. By using better optics

the laser spot size and cutting angle can be reduced resulting in lower material loss due to a

more narrow profile. With increasing growth rates, such as exceeding above 100 µm h−1 [65],

the material loss due to the laser ablation becomes less of an issue.

Figure 4.1 Cutting profile for seed substrate separation. The yellow crystal is the type Ib
HPHT seed substrate, the grey part is the remaining CVD-grown material and the green
part is the ablated diamond material. Each ablated segment is 25 µm wide and 90 µm deep.

Laser cutting introduces surface and subsurface damage. Therefore after laser cutting the

seed crystal surface is polished using a Coborn PL3 planetary lapping bench. A solution of

diamond powder in olive oil is brought on the rotating cast iron wheel and thermo-mechanical
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polishing takes place. The rotation speed is 3000 rpm. The material ablation caused by

polishing is in the range of 20 to 50 µm. Techniques used in polishing have been discussed in

more detail in a recent publication [168].

The material loss of the seed substrate through the entire process amounts to 50 to

100 µm. The lower seed thickness limit for mechanical polishing is in the range of 200 to

250 µm. Polishing thinner plates often result in cracking the thin plate. Thus a seed can be

reused up to 20 times before it becomes too thin to be reused.

The MPACVD growth process may also lead to the undesired formation of polycrystalline

diamond material on the outer edges of the newly grown single crystal. Polycrystalline material

may even begin to overgrow onto the sidewalls of the seed crystal and can subsequently

negatively affect future growth processes. Such polycrystalline “rims” are therefore removed

by laser cutting and the seed substrate is trimmed back to its dimensions before the growth

process by laser cutting. If desired the trimmed sides of the crystals can also be polished to

eliminate laser-introduced damage. Finally the recovered seeds are wet-chemically cleaned to

prepare them for another homoepitaxial growth process.

4.3 SCD quality throughout the procedure

4.3.1 FTIR spectroscopy

FTIR absorption spectra such as shown in Figure 4.2 were measured on the HPHT seed

plates throughout the processing steps. For all steps the absorption coefficient in the spectral

range of 1500 to 4000 cm−1 is similar to published data [169]. The spectra show the typical

two- and three-phonon absorption regions between 1900 to 2500 cm−1 and 3260 to 3560 cm−1.

Additional absorption bands can be identified for HPHT crystals between 1000 to 1400 cm−1.
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These are also shown in more detail in Figure 4.3. These can be attributed to nitrogen related

crystallographic defects in the diamond lattice [71].

FTIR absorption is frequently used to detect and quantify the presence of nitrogen defect

centers in natural and synthetic diamonds. Substitutional nitrogen atoms in the diamond

lattice are referred to as C centers. C centers are the dominant defect in type Ib diamonds

such as yellow colored HPHT crystals. A considerable yellow coloring occurs at about 10 ppm

of substitutional nitrogen in the diamond lattice [71]. C centers have IR absorption peaks

at 1130 cm−1 and 1344 cm−1, which can be used to quantify the defect concentration. For

example, the amount of substitutional nitrogen atoms correlates linearly with the absorption

coefficient at 1130 cm−1 where a value of 1 cm−1 equals (25±2) ppm of nitrogen [170].
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Figure 4.2 FTIR absorption spectra of HPHT crystals throughout their process steps showing
the two-, three-phonon and C center absorption.

Figure 4.3 shows in greater detail the part of the spectra identifying the nitrogen impurities.

These spectra have the shape typical for C center dominated type Ib diamonds. From the peak

heights we determined that the nitrogen content in as-delivered HPHT crystals ranged from

110 to 180 ppm for various samples. Throughout the process steps the nitrogen concentration
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detected in the seed crystal shown in Figure 4.3 is 173 ppm as received from the supplier, 176

ppm after 3 hours of etching in hydrogen plasma and 174 ppm after 143 hours of MPACVD

growth and seed recovery processing. The variations throughout the processing steps are

within the experimental error of the used spectrometer and sample mounting. This behavior

was verified on multiple samples.
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After entire processing
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Figure 4.3 Detailed FTIR spectra in the region of nitrogen center absorption.

The transformation from C to A centers (A-aggregate) and a corresponding shape change

of FTIR spectra are frequently observed when type Ib diamonds are annealed in a HPHT

environment [170, 171, 172]. For example, Surovtsev et al. [171] report a complete conversion

of all C centers to A centers when exposing C center dominated type Ib diamonds for 10 hours

to 6.5 GPa pressure at 1800 ◦C. In the FTIR spectra the C center peak reduces and a clear

A center peak emerges at wavenumber 1282 cm−1 (see examples in [170]). Such behavior

was not observed in our spectra. Similarly, processing conditions with temperatures from

1400 to 2200 ◦C for up to 12 hours were discussed by Meng et al. and were described as a

low pressure high temperature (LPHT) treatment [36]. The LPHT process did significantly
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decrease the absorption across the UV, visible (Vis) and IR ranges in MPACVD grown

crystals demonstrating a substantial effect of such conditions on optical properties and defects

in diamond crystals. Our seed crystals on the other hand are exposed to a low pressure

hydrogen dominated environment of up to 160 Torr (21.3 kPa) at lower temperatures of about

1200 ◦C. A typical exposure time is up to 145 hours, which includes an initial pure hydrogen

plasma etching of several hours. The principle shape of the FTIR spectra measured for the

HPHT crystals shown in Figure 4.3 did not change during MPACVD processing. Thus our

growth process has no annealing effect on the seed crystals. As seen in Figure 4.3 the seed

recovery procedure does not influence the nitrogen concentration in the crystal. Throughout

the entire growth and post-processing process the HPHT crystal remains constant with

respect to its nitrogen concentration and distribution of defect center agglomeration.

4.3.2 Surface profilometry

Line scans in different orientations were performed and the average roughness values were

calculated. A new HPHT seed had an average Ra of 2.13 nm and Rz,din of 17.16 nm. After

laser cutting both roughness values significantly increased to an Ra of 179.84 nm and an Rz,din

of 1104.76 nm. The surface roughness increased approximately one hundred times. This

shows the high amount of surface damage introduced by the laser cutting procedure. After

polishing the roughness values reduced to 2.51 nm for Ra and 16.87 nm for Rz,din. Both values

are in the same range as measured on new substrates (externally polished by the vendor).

Thus the overall recovery process does not significantly increase the surface roughness and

our in-house performed mechanical polishing process results in a similar surface roughness as

new seed substrates.
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4.3.3 Birefringence imaging

Birefringence imaging was performed to obtain information about the spatial distributions

of internal stresses throughout the crystal. Some typical images are shown in Figure 4.4.

The as-delivered HPHT (first row) crystals show a cloverleaf shaped birefringence intensity

pattern. These patterns are associated with (110) growth directions during the HPHT growth

process [173]. The average birefringence intensity remains constant after 3 hours of hydrogen

etching (second row), SCD growth and seed recovery (third row) and after PCD trimming

(fourth row). The hydrogen etching and the deposition processes do not have an annealing

effect on the seed crystal. Additionally it is shown that the recovery process maintains the

seed crystal’s original properties, which improves the consistency when reusing these seeds

for homoepitaxial CVD diamond growth. As is shown in Figure 4.4, third row the presence

of polycrystalline material grown at the HPHT seed substrate can be seen after removing

the CVD-grown layer. The middle picture and the birefringence image on the right are

recorded in bright-field setup. Thus the polycrystalline material appears black. The change

in crystalline quality from SCD to PCD in the transition region causes a high amount of

stress, which can be identified in the birefringence image as bright thin dots/lines at the

edges of the crystal. The effectiveness of PCD trimming can be seen in Figure 4.4, fourth

row. No overgrown black areas indicating PCD material can be seen in the center picture.

4.3.4 Raman spectroscopy

Raman spectroscopy is often applied to investigate the crystalline quality of diamond by

measuring the FWHM of the single phonon line at 1332 cm−1. Type Ib HPHT diamonds have

typical FWHM values between 1.9 to 2.0 cm−1. The values recorded for the as received seed
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Figure 4.4 Microscope and birefringence pictures of the process steps; First row: top surface
and birefringence picture of an unused type Ib HPHT seed crystal; Second row: top surface
and birefringence after 3 hours of hydrogen plasma etching; Third row: top surface, bright-
field and birefringence image of the type Ib HPHT crystal after laser separation and polishing;
Fourth row: top surface, bright-field and birefringence image of the type Ib HPHT crystal
after PCD trimming.
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crystals ranged from 1.78 to 2.09 cm−1. The FWHM’s for recovered seeds ranged from 1.76

to 2.06 cm−1. All individual values are within the same region. Surovtsev et al. [171] showed

the dependency of the FWHM as a function of nitrogen concentration. Thus the Raman

FWHM data also suggest that the nitrogen concentration in the seeds remains unchanged

during the recovery process.

The first order Raman signal position shifts with mechanical stresses in the diamond

crystal. The peak shift ∆ω = ω − ω0 can be converted to stress values using a stress-shift

relation [174]. In this case 0 is the absolute peak position of a truly unstressed diamond.

Recorded Raman spectra from 15 to 25 locations per sample showed a range of peak positions

indicative of a stress distribution present in the crystal. Due to the unavailability of an

unstressed diamond sample the reference peak position 0 remained unknown and absolute

stress values were not calculated. However, the maximum range of peak positions max can

be obtained without knowing 0 and reflects the maximum stress variation within a sample.

Such data are plotted for 3 as-delivered and 4 recovered HPHT samples in Figure 4.5. The

samples are clearly stressed with absolute variations ranging from 20 to 60 MPa depending on

the sample. On average such stress variations in as-delivered and recovered HPHT diamonds

are very similar with 43.6 MPa and 41.7 MPa. This result indicates that the stress states in

recovered samples did not significantly change during processing.

4.4 PCD rim removal by laser framing

The polycrystalline rim added during growth has much lower crystalline quality and contains

grain boundaries. Even though the top surface area is increased after the growth process,

trimming the area back to its original size is recommended before performing another
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Figure 4.5 Maximal internal stresses for HPHT diamonds, calculated based on Raman peak
shifts and sorted, ∆ωmax,avg is the average variation of internal stress for this sample group.

deposition experiment on the recovered seed crystal. PCD material will continue to grow

if the PCD material at the edges of the recovered seed is not removed. The PCD rim

expands with increasing growth time and slowly grows in towards the inner crystal area.

The SCD diamond surface size slowly shrinks with increasing growth time. This can be

seen in Figure 4.6, where 142 hours of deposition are added on a CVD-grown layer without

removed PCD material. The increasing dimensions of the PCD and the decreasing SCD area

can be clearly identified. The SCD area decreases from 7.1 mm× 7.0 mm (red rectangle) to

6.2 mm× 6.2 mm (green rectangle) during the MPACVD growth process with a thickness of

1.54 mm for the grown layer. Thus it is necessary to remove the PCD material at the seed

substrate edges prior to the process to ensure high crystalline quality SCD growth over the

entire seed crystal area. This applies to any seed recovery technique used.
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Figure 4.6 Merged microscope images of an untrimmed CVD-grown layer before (left) and
after 142 hours of deposition (right).

4.5 CVD seed substrates

It has been shown using Raman spectroscopy that CVD grown SCD has superior crystalline

quality over type Ib HPHT diamond [31]. Since the CVD growth process transfers the

crystalline structure and the defects from the seed into the grown material, it is desirable to

use the highest quality seed material. An increase of seed crystal quality can be achieved

by using CVD-grown material instead of type Ib HPHT seed substrates. We have shown

that the recovery procedure does not change the seed crystal and that no internal stress or

subsurface damage is introduced. Thus it is possible to create free-standing CVD diamond

plates, which can be used as a seed substrate. A typical CVD seed substrate can be seen in

Figure 4.7. The self-standing CVD substrates are between 1.3 and 1.5 mm thick to ensure

similar growth conditions compared to using type Ib HPHT seed substrates. After successful

deposition the same three-stage recovery procedure can be applied for reusing the CVD seed

substrate.
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Figure 4.7 Picture of a self-standing 7.0 mm× 7.0 mm× 1.5 mm (1.25 carat) CVD diamond
plate, which is usable as a seed substrate for MPACVD synthesis.

4.6 Summary

We have successfully developed a procedure for seed crystal recovery after homoepitaxial

MPACVD growth. The three-stage process consists of (1) separation of the seed and grown

material by laser cutting, (2) polishing of the seed’s top surface and (3) edge trimming.

The in-house performed mechanical polishing resulted in surface roughnesses comparable

to commercially available products. Thus recovery and reuse of seed substrates is very

useful for SCD synthesis. The reported procedure is a reasonable alternative to ion beam

implantation for seed crystal separation prior to the growth step for small substrate sizes.

The material loss caused by the laser cutting procedure increases from 175 to 350 µm as the

seed substrate size is increased from 3.5 mm× 3.5 mm to 7 mm× 7 mm. With improvement

of the cutting laser optics the material losses can be decreased further. Using higher growth

rate MPACVD synthesis processes, i.e. 30 to 70 µm h−1, reduces the significance of losses

due to laser ablation.

The data obtained by FTIR spectroscopy, surface profilometry, birefringence imaging and

Raman spectroscopy all showed that the growth process and the seed recovery procedure
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do not affect the seed crystal’s original properties. Various type Ib HPHT samples showed

nitrogen concentrations of 110 to 180 ppm mainly in form of C center defects. Throughout all

process steps the nitrogen concentration remained constant. Birefringence imaging identified

stress patterns in the used seed crystals. The trimming of leftover PCD material left on the

seed after laser cutting and polishing is crucial for repeatable growth of high-quality SCD’s

on the same seed crystal.

High temperature and/or high pressure annealing are commonly used to influence the

optical properties of diamond. We have shown that the conditions for MPACVD synthesis

of SCD material do not produce annealing effects that change the optical properties of the

diamond seed. The growth times in our experiments exceeded 140 hours with substrate

temperatures below 1200 ◦C. Other researchers [175] reported substrate annealing at 1400

to 2300 ◦C for only 13 hours. Thus the main source of substrate annealing is the substrate

temperature rather than the exposure time of the sample.

The multiple growth sectors in HPHT seeds can be identified after being successfully

used during MPACVD SCD deposition, where (110) sectors become apparent. The sector

positions agree with modeled results [173]. A cloverleaf stress pattern can be recorded

with birefringence imaging, which corresponds to (111) and (113) growth sectors within the

(100) oriented crystal. The shape of the pattern remains unchanged throughout the entire

engineering process.

Crystalline quality of HPHT seed crystals can be kept constant for multiple MPACVD

growth processes. The recovery procedure allows the production of CVD seed substrates,

which have a higher crystalline quality than type Ib HPHT crystals. The best cutting region

at the HPHT/CVD diamond interface still requires further research and offers possibilities

for surface engineering on the seed to be reused, such as to cut in the CVD material, the
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interlayer or the seed substrate.
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Chapter 5

SCD separation by ion implantation

based Lift-Off technique

5.1 Introduction

Recent advances in SCD synthesis have led to renewed interest in diamond applications for

optics [176, 155, 177] and electronics [154, 20]. Such devices are fabricated involving high

quality homoepitaxial diamond layers that are grown on SCD substrates by chemical vapor

deposition. The size of today’s available substrates is limited to about 10 mm× 10 mm.

A critical factor for future commercial success of such diamond applications will be the

fabrication of larger SCD substrate wafers with a diameter of at least 50 mm. Currently much

effort is spent on enlarging the lateral size of SCD substrates. Conventional homoepitaxy

does not increase the surface area compared to the original seed crystal. Thus, researchers

have successfully fabricated larger plates by overgrowing several laterally tiled substrates [93].

Others pursue methods whereby a crystal is grown taller than its original width [178]. Vertical

slicing then yields plates of larger dimensions and also reduces dislocation densities [79]. In

addition, heteroepitaxial processes have been pursued [179]. Such promising technologies are

all viable to eventually achieve wafer production. If by any method a large “master seed”
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substrate of sufficient quality can be produced, it can be repetitively “cloned” by additional

homoepitaxial growth and subsequent slicing off of the epitaxial material.

This paper addresses the challenge of slicing wafers from larger crystals along the desired

crystal plane. Typical homoepitaxial CVD growth of high quality diamond material occurs

on the (100) plane of the seed crystal. However, the crystal preferably cleaves along the

(111) plane [168]. Sawing diamond along the (100) plane is very difficult, suffers from kerf

losses and also damages the crystal surface. Surface damage is removable by polishing and

plasma etching, but at much material loss. An alternative slicing method is laser cutting

with substantial kerf material losses that increase with the lateral substrate dimension so

that efficient laser cutting of diamond is limited to small crystals [180].

A solution to minimize material losses that is independent of substrate dimensions is

offered by “Lift-Off” techniques based on ion implantation. At sufficiently high implantation

doses the ions damage the crystal lattice within a thin subsurface region while keeping

the crystal surface intact. Depending on the ion energy, the crystal damage occurs a few

micrometers below the crystal surface [87, 181, 94]. Subsequent exposure of the implanted

crystals to high temperatures at low pressures fully graphitizes the damaged region, while

the surface remains intact and suitable for homoepitaxy. After homoepitaxial growth of new

diamond material, the original seed crystal and the newly grown SCD are separated from

each other by removing the graphitic region with processes that preferentially etch graphite

over diamond. The separated seed crystal surface remains very smooth and can be reused

for further homoepitaxial growth directly after separation without the need for additional

polishing.

Previous reports of this method relied on a distinct annealing step between ion implantation

and homoepitaxy. The samples were exposed to temperatures as high as 950 ◦C to completely
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graphitize the implantation region. This step proved necessary to ensure that the final

etch process could fully separate the crystals [87]. A process flow that does not require a

distinct annealing step is demonstrated. Instead, the high substrate temperature during

homoepitaxy is sufficient to fully transform the damage layer to nano-crystalline graphite.

Typical process substrate temperatures during MPACVD are about 900 to 1100 ◦C [31]. At

such temperatures, the graphitization of the subsurface damage layer occurs simultaneously

with new diamond growth on the crystal surface. Furthermore, to separate the new material

from the seed crystal by removing the graphite, we explored several etching techniques

including wet-chemical etching, electrochemical etching and thermal oxidation.

5.2 SRIM Monte Carlo simulations

SRIM (Stopping and Range of Ions in Matter) software was used to predict the energy

dependent ion transport in diamond crystals [182]. To set up diamond as a target material

in the software a displacement energy per carbon atom of 45 eV [183], a lattice binding

energy of 5 eV [184] and a surface binding energy of 7.5 eV [185] has been selected. The

damage threshold defect density for ion beam induced graphitization in diamond is about

1× 1022 cm−3 [96]. The Monte Carlo simulation does not accumulate the damage with each

implanted ion. Instead, the penetration of each incoming ion is simulated as if it interacts

with a perfect diamond crystal. Therefore, the simulated crystal damage and implantation

depths may be slightly underestimated. Simulations for protons, carbon and oxygen ions in

the energy range from 100 keV to 6 MeV have been performed. Simulated ion penetration

depths as a function of kinetic energies are plotted in Figure 5.1.

The light protons cause less damage and penetrate much deeper into the diamond crystal
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Figure 5.1 SRIM simulations for different ion types and energies.

at a given energy than the heavier carbon and oxygen ions. At 1.5 MeV carbon and oxygen

ions penetrate the crystals about 1 µm deep. This is sufficient to create the damage layer

at a depth suitable for homoepitaxy and subsequent crystal separation. The total length of

the vertical error bars for each data point in Figure 5.1 is equal to 2 or twice the standard

deviation (“straggle”) of the simulated ion penetration depth distribution. The value remains

between 70 and 130 nm for the heavier ions. In the case of protons, 2 increases substantially

from 60 nm for low energies to 5.4 µm for 6 MeV ions (not shown in plot). Selected numerical

results are compiled in Table 5.1.

The rows in bold font in Table 5.1 mark those conditions that were selected for actual

implantation experiments. The minimum irradiation dose required to reach the damage

threshold for graphitization is calculated based on the damage caused per ion. Protons cause

the least amount of lattice damage and therefore require much higher doses and thus longer

exposure times. The required minimum doses for carbon and oxygen ions are 50 to 100

times lower than those for protons. Consequently, the required irradiation times increase by
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Ion Ekin Depth 2σ Damage per ion Minimum required
(MeV) (µm) (µm) vacancies / Å x 10−4 dose x 1016 cm−2

H+ 0.3 1.43 0.10 28 3.6

H+ 0.7 4.67 0.23 1.6 6.3
H+ 3.0 48.1 1.72 2.8 36.0

C2+ 0.7 0.61 0.09 1200 0.08

C2+ 3.0 1.62 0.11 950 0.11
O2+ 3.75 1.63 0.11 1600 0.06

Table 5.1 SRIM simulation results of depths and minimum doses required for different ion
types and energies. The data rows marked in bold font were conditions selected for actual
implantation experiments.

similar factors when using protons instead of carbon and oxygen ions. With increasing lateral

dimensions of the diamond substrate the processing time will increase further if the ion beam

needs to be scanned to cover the full sample area. This makes it more challenging to achieve

cost-efficient Lift-Off processes using protons. If the introduction of oxygen into the diamond

crystal can be tolerated, the advantage over carbon is a 40 % reduction in exposure time to

create the same damage.

5.3 Implantation experiments followed by SCD synthesis

5.3.1 Protons

Proton implantation was performed with doses ranging from 0.5 to 75× 1016 cm−2 at 700 keV.

Irradiation times varied between 24 minutes and more than 55 hours. Only those crystals

exposed to proton doses higher than 10× 1016 cm−2 turned dark (opaque) after irradiation.

This color change indicates substantial damage to the diamond lattice. Lower proton doses did

not change the appearance of the crystal. That is, the crystals remained optically transparent.

The surfaces of the irradiated crystals did not show visible damage due to ion bombardment

at any dose.
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Epitaxial diamond growth was performed on proton implanted samples for 8 to 24 hours

using the MPACVD process at temperatures of 950 to 1000 ◦C. The growth rates were

between 17 and 22 µm h−1. The film morphologies and growth rates on implanted seeds were

comparable to those obtained from MPACVD experiments on seeds that were not exposed to

ion implantation [186]. Polycrystalline diamond, which formed around the edges and on the

sidewalls of the crystal was removed by laser cutting and the sidewalls were polished. The

CVD grown SCD on the top surface of the crystals was of high quality similar to the example

shown in Figure 5.2.

Figure 5.2 Top view microscope image (reflected light) of a CVD-grown layer on a HPHT
3.5 mm× 3.5 mm seed irradiated with 3.75 MeV oxygen ions with a dose of 5× 1016 cm−1

Originally transparent crystals turned opaque after implanting with doses exceeding

10× 1016 cm−2 but became again transparent after the diamond deposition process if the

dose was less than 30× 1016 cm−2. Only crystals irradiated with proton doses exceeding

30× 1016 cm−2 remained opaque after the MPACVD process. The opaqueness corresponds

with a visible black line between the HPHT seed and the CVD-grown SCD in transmission

optical microscopy of the cross section, see Figure 5.3. This result suggests that the diamond

lattice was repaired during the exposure to high temperatures for those samples that were
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dark after implantation but were not exposed to a sufficient ion dose to fully graphitize the

implantation region during the CVD process. Based on these sample coloration results it

appears that the simulations underestimated the minimum dose required to cause sufficient

damage by a factor of about five.

Figure 5.3 Cross-sectional microscope image (transmitted light) of a CVD-grown layer on a
HPHT 3.5 mm× 3.5 mm seed irradiated with 700 keV protons with a dose of 30× 1016 cm−1.

5.3.2 Carbon and oxygen ions

Carbon and oxygen ion implantations were performed with doses of 1 to 5× 1016 cm−2.

These ion doses were about 10 to 80 times higher than the simulated minimum to compensate

for underestimations. After irradiation, all samples were opaque and remained dark after

MPACVD as shown in Figure 5.4. The damaged regions in the samples were completely

converted to graphite and the crystal lattice did not heal during the 24-hour growth process.
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Figure 5.4 Top view microscope images (transmitted light) of a 3.5 mm× 3.5 mm samples
before 3 MeV carbon irradiation with a dose of 1× 1016 cm−1 (left) and after SCD deposition
and post-processing (right).

5.4 Feasibility of different separation techniques

5.4.1 Wetchemical etching

Wetchemical etching is a well established method for removing non-diamond carbon selectively,

which forms during SCD deposition on the backside of the seed crystal. The diamond is

placed in a boiling solution of nitric (15.9M) and sulfuric (18.0M) acid mixed together in a

1:1 ratio. The carbon is removed within an hour while the SCD remains untouched by the

acid etch.

5.4.2 Thermal oxidation

Another concept to selectively remove graphite is to use thermal oxidation. Thereby, the

sample is placed inside a furnace with a floating oxygen environment and the entire chamber

is heated as described in Section 3.5.1. Once the oxidation temperature is surpassed, the

carbon is oxidized into CO and CO2. The oxidation temperature for graphite (sp2 carbon)

is around 550 ◦C and 600 ◦C for diamond (sp3 carbon) [97]. Thus, it should be possible
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to selectively etch the graphite by set the furnace temperature high enough to oxidize the

graphite while leaving the diamond untouched.

A bulk piece of graphite (2 mm× 2 mm× 2 mm) and two HPHT diamonds with similar

volumes and surface areas have been placed simultaneously into a furnace for an hour each for

various furnace temperatures. The oxygen flow was kept constant at 33 sccm. The relative

weight loss is used as an indicator of how much carbon has been oxidized and the results

are illustrated in Figure 5.5. It can be seen that the overall prediction, that graphite has

a much strong oxidation behavior compared to diamond. Diamond does not show signs

of oxidation until temperatures around 600 ◦C are reached, which is is in agreement with

the theoretical prediction [97]. Once diamond etching occurs, it is relatively modest with

a relative weight loss of less than 0.1 % h−1. The etching behavior for graphite shows a

different behavior. First, the oxidation starts at temperatures lower than predicted. Even

temperatures as low as 400 ◦C are enough to cause modest oxidation of 0.1 % h−1. That

etching for such low temperature is in fact happening can be seen when expanding the

weight loss into higher temperature. The increase is almost linear on a logarithmic y-scale

over the entire temperature range up to 600 ◦C. Thus, the oxidation effects are increasing

exponentially with increasing temperature, which is the same observation as Figure 2 (b)

in [97]. The weight loss becomes especially noticeable for furnace temperatures exceeding

580 ◦C were as much as 58 % of graphite are oxidized within one hour.

It has been demonstrated, that using a furnace to selectively etch graphite by thermal

oxidation is a viable option. Graphite oxidized over a broad temperature range while the

diamond remained unetched. One particular issue is the exponential dependency of the

oxidation rate with the temperature. Thus, it is desirable to use furnace temperatures as high

as possible (in the region around 580 ◦C) to maximize the graphite removal. Unfortunately,

121



HPHT 1
HPHT 2
Graphite 

re
la

tiv
e 

w
ei

gh
t l

os
s 

[%
]

0.01

0.1

1

10

100

Temperature [°C]
400 420 440 460 480 500 520 540 560 580 600

Figure 5.5 Relative removed graphite and diamond as a function of the furnace temperature.

this is the same temperature regime, where diamond starts being etched (580 to 600 ◦C).

The different low temperature thresholds for diamond etching could be caused by different

crystalline quality of the material. Crystalline defects are regions of weaker bonds where

oxidation can occur at lower temperatures than for the rest of the crystal. Thus for a greater

density of defects, the etch rate will increase. The etch selectivity between graphite and

diamond at 600 ◦C is as high as 725, but diamond etching is occurring and visibly noticeable.

5.4.3 Electrochemical etching

The setup described in Section 3.5.2 has been used for performing electrochemical etching

experiments. The key variables for optimization of the etching setup are the type of solution,

the voltage and current applied. The distance between the two electrodes has an effect of

the performance as well. The distance between the two electrodes should be minimized to

achieve maximum current flow. The spacing between the two electrodes has been chosen to
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be 1 cm. When the distance has been increased a sharp drop in current flow has been noticed.

The effectiveness of etching has been evaluated by measuring the relative weight loss of bulk

graphite after exposure to the etching conditions for one hour.

First, the influence of the solution on the etching has been evaluated. Initially, an acidic, a

neutral and a basic solution with the same conductivity have been used. The acidic solutions

contain nitric acid in water. The basic solution is a dilution of NuKlean in water. NuKlean

is a commercially available soap. Two different neutral solutions have been used by either

dilution NaCl or KCl in water. The resulting etch behavior for the four different solutions

can be seen in Figure 5.6. It can be clearly seen, that the etch behavior of the acidic and

basic solution is approximately the same. The etch rate of the neutral salt solution is roughly

twice that of acidic and basic solutions.
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Figure 5.6 Relative etching of graphite for different aquaeous solutions having the same
conductivity.

The etch rate behavior can be explained by the nature of the different ions created, once

the acid, base and salt are dissolved into the water. The following reactions are occurring for

each of the cases:
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HNO3 + H2O −→ H20− H+ + NO−3

KCl −→ K+ + Cl−

NaOH −→ OH− + Na+

It is obvious, that dissolving the salt results in two solid ions for each dissolution reaction.

For th acidic and basic dissolution on the other hand, one ion is a hydronium or hydroxide ion

and one is a solid ion cluster. It is plausible to assume that the etching is in fact a physical

ablation of the graphite, rather than based on chemical reactions. That way, only solid ions

contribute to the removal, which leads to having double the etch rate for the salt solution

over the acidic and basic solution. The fact, that the pH does not have an effect on the etch

rates is another indicator, that the weight loss is in fact a physical ablation by ion impact.

The second step of evaluating the solution is by using a set of salts (NaCl, KCl, KBr, KI)

having the same conductivity. Doing so will alter the weight of the anion while remaining

everything else unchanged, except of NaCl vs. KCl were the weight of the cation is changed.

The resulting etch rates can be seen in Figure 5.7. It can be seen, that the weight loss for all

different salts is within the expected fluctuation of this rather simple testing setup. It can be

concluded that the kinetic energy of the individual anions are not high enough to remove

several carbon atoms out of the graphite lattice. Thus, the ion weight is not a contributing

factor to the etch performance. Dissolved KCl in water has been selected as solution for all

future experiments as it showed the best etching performance and KCl is cheap and readily
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available.
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Figure 5.7 Relative etching of graphite for different aquaeous potassium-based salt solutions
having the same conductivity.

For evaluating the influence of the current on the removal of graphite a different power

supply is used. This power supply provides currents up to 1 A and is much more stable in

current control operation, but only allows operation up to 100 V. Increasing the current

results with a linear increase of the removed graphite as illustrated in Figure 5.8. This

observation supports the conclusion, that the graphite removal is solely a physical ablation.

More ions are moved within the electric field if the current between the two electrodes is

increased. As the sample is located in this increased ion flux it is bombarded by a larger

number of ions, which lead to a higher removal rate. Especially the linear increase is another

validation point, that the removal is physical ablation rather than based on chemical reactions.

Finally, the influence of the voltage on the graphite removal under a constant current is

evaluated. Doing so increases the kinetic energy of the ions impacting the graphite while

keeping the total amount of impacts constant. The results are displayed in Figure 5.9. One

surprising finding is, that the removal rate increases and becomes constant for applied voltages
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Figure 5.8 Relative etching of graphite as function of the applied current.

around 290 V. This can be explained by the binding energy of carbon ions inside a graphite

lattice, which is 285 eV [187]. All ions in the solution are single charged. If the applied

voltage is below 285 V the resulting kinetic energy of the ion is lower than the binding energy

of the graphite. Thus, not every ion impact is removing a carbon ion from the graphite

lattice. Once that energy level is surpassed (by applying a sufficient electric potential) each

ion is removing a carbon ion, but does not have enough excess energy left to remove a second

one causing the removal rate to plateau. Another increase would be achievable once the

applied electric field would surpass 600 V, which would provide sufficient energy to remove

two carbon ions per impacting ion. Unfortunately, the used power supply is limited to 500 V.

Thus, it is sufficient to use 300 V for the SCD etching experiments. Applying a higher electric

field would just introduce excess energy, which is then distributed as thermal energy into the

aqueous solution.

Overall, it has been shown that the electrochemical etching process is in fact a physical

ablation process and no chemical oxidation reactions are involved. If chemical processes
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Figure 5.9 Relative etching of graphite as function of the applied potential.

would start to contribute a strong increase of the removal rate would have been expected and

no increase of ablation rate with increasing current would be seen. Using the setup currently

available, it has been found, that using a salt solution (KCl), applying an external electric

field of 300 V and having a current flow as high as possible (500 mA) results in the fastest

removal of graphite.

5.5 Separation experiments of SCD

5.5.1 Wetchemical etching

Wet-chemical etching in a boiling acid solution was performed to remove the graphitic layer

and thereby separate the MPACVD grown diamond from the seed crystal. Figure 5.10 shows

the progress after 2 (left) and 8 (right) hours of etching a crystal that was irradiated with

protons. The opaque damage region recedes with increasing etching time as the damaged

layer is removed and the light can pass through the crystal in the area of the lower right
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corner. After 8 hours of wet-chemical etching time about half of the graphite was removed.

Characterization of the composition of the damaged layer is performed in section Section 5.7.

Figure 5.10 Top view microscope image (transmitted light) of a 3.5 mm× 3.5 mm substrate
after SCD deposition that was irradiated with 50× 1016 cm−2 dose of 700 keV protons, post-
processing and 2 hours of wet-chemical etching (left) and after 6 additional hours of etching
(right).

The successful removal of the graphitic layer was confirmed with scanning electron

microscopy of a sample cross-section. A 4 µm wide and well-defined channel inside the proton

implanted crystal had formed after 8 hours of etching as shown in Figure 5.11. This gap width

corresponds to about 14 times the simulated 2σ of the ion penetration depth distribution.

Thus most protons are stopped within the narrow straggle region but the actual damage

region is substantially broader. Only substrates that remained opaque after MPACVD formed

etch channels. Samples that turned transparent again during MPACVD did not form any

etch channels in boiling acid solution.

The wet-chemical etching results were substantially different for substrates that were

implanted with carbon and oxygen. Even though these samples remained opaque after

MPACVD, wet-chemical etching did not have any removal effect at any implantation dose.

Even after many hours in boiling acid solution there was no evidence of any apparent etching
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Figure 5.11 SEM image of the channel etched by removal of the graphitic layer using wet-
chemical etching of a substrate irradiated with a 50× 1016 cm−2 dose of 700 keV protons.

progress.

5.5.2 Thermal oxidation

After proving in Section 5.4.2, that thermal oxidation is a viable option to selectively etch

graphite in diamond, this concept is used to separate the grown SCD from the seed crystal.

Furnace temperatures were set between 570 and 590 ◦C and the oxygen flow was kept constant

at 33 sccm.

Applying this process to proton implanted samples with doses of 20 to 75× 1016 cm−2

formed 4 to 10 µm wide etch gaps within 2 hours. All substrates irradiated with doses of

10× 1016 cm−2 and lower did not etch. Interestingly, a substrate exposed to a 20× 1016 cm−2

proton dose turned transparent after MPACVD but it still developed a 10 µm wide etch

gap during thermal oxidation. This indicated that the diamond crystal did not fully anneal

the diamond lattice despite being transparent again. On the other hand, such samples did

not wet etch in boiling acid even though the damage region is wide. This effect was only

observed with proton implantation. Further investigations are required to determine the
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carbon structure that causes this behavior.

Carbon and oxygen irradiated substrates were placed consecutively in the furnace with

individual dwell times between 5 and22 hours. Transmitted light microscope images were

recorded between oxidation steps to monitor the etching progress. The etched percentage of

the sample area was determined after each step using open source image analysis software

[188]. Figure 5.12 shows how far the removal of the damaged layer had progressed after a

total dwell time of 54 hours. The black center part is not etched, which corresponds to 56 %

of the total area. The etching advances relatively uniformly from all 4 sides toward the center

of the sample. Uniform 1 µm wide etch channels formed on all four sides.

The etching progress over time for different ion doses and types are plotted in Figure 5.13.

When the process begins etching advanced quite rapidly but the area removal rate reduces

quickly once 85 to 90 % of the area are etched. This corresponds to a remaining center area

of roughly 1 mm× 1 mm and an inwards etching of 1 mm into the sample from each side.

Apparently the process is transport limited. The further the etching advances the more

difficult it becomes for the gaseous etchants to reach the graphite. Similarly, the volatile

byproducts of the oxidation reaction (e.g. COx) have increasing difficulties to diffuse out of

the growing etch channel.

The gas diffusion limitation increases with the length of the etch channel. This is directly

evident from the red plot in Figure 5.13. The etching process for this sample was started

similar to the other samples. However, after 31.5 hours (marked as (A)) of etching the

already etched parts of the sample were cut off. As a result, the length of the etch gap

was significantly reduced and the etch rate (etched diamond area per time) increased again

for a while until the etch rate slows down once more with increasing etching depth. The

points B1 and B2 in Figure 5.13 also show changes in etching rates, however, these were
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Figure 5.12 Transmitted light (left) and cross-sectional reflected light (right) microscope
image of the substrate from Figure 5.4 after thermal oxidation for 54 hours.

not obtained on purpose and may be the result of different conditions in the furnace when

changing samples. Overall we conclude that this gas diffusion driven process depends on the

gas flow conditions in the furnace and ultimately is limited by the narrow transport channel

that gets ever deeper with etching. Once SCD dimensions are exceeding 2 mm× 2 mm the

process becomes severely slow due to these diffusion limitation effect, where oxygen has to

diffuse towards the graphite while carbon oxides have to diffuse outward.
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Figure 5.13 Relative removed graphite as a function of the overall dwell time in the furnace.
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Figure 5.13 also shows that the process benefits from oxygen implantation (green plot).

The implanted oxygen ions enhance the initial etch rate, which was also reported by Parikh

et al. [87]. However, ultimately this process is also diffusion limited. While the overall etch

time was the lowest with implanted oxygen ions, a total etch time of 157 hours is still not

desirable from a process standpoint.

5.5.3 Electrochemical etching

Electrochemical etching to selectively remove the graphite has been performed based on

the optimization obtained from the initial feasability study in Section 5.4.3. The diamond

substrates were placed having the damaged layer parallel to the current flow. Figure 5.14

shows the progress of removing the graphitic layer that was created by carbon ion implantation.

Comparing the two left images in the bottom row shows the sample after diamond deposition

and framing and then after 28.5 hours of etching. While the graphite layer was partially

removed from all four sides of the sample, there is a clear directional (horizontal) preference

visible. This is due to the electrodes, which were, in this orientation, placed to the left and

the right of the sample. A sharp etch channel is formed throughout the process. Through

consecutive etch steps the CVD-grown layer was removed after 39 hours. The etching time

was further reduced to 12 hours and even 37 minutes for one particular sample by tailoring the

aqueous etching solution to a conductivity of 324.6 µS cm−1. This illustrates how important

the properties of the aqueous solutionare in maximizing the etch rate and should be further

investigated in the future.

This process does not suffer from transport limitations that were observed for the gaseous

thermal oxidation process. The electric field introduces a directional force to drive the

etchants. The importance of the forced directional etching becomes obvious when comparing
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etch rates. These are the highest for electrochemical etching in spite of the formed etch gap

being the thinnest. Thus the even deeper aspect ratio of the etch gap in this process causes

significantly less transport limitations if compared to boiling acid wet etching and thermal

oxidation processes.

CVD	top	surface
After	deposition	and	framing

CVD	top	surface
After	28.5	hours	etching

CVD	through	image
After	separation

CVD	bottom	surface
After	separation

Seed	top	surface
After	separation

CVD	top	surface
After	separation

CVD	through	image
After	28.5	hours	etching

CVD	through	image
After	deposition	and	framing

Figure 5.14 Progress of the electrochemical etching of a SCD diamond film grown on a HPHT
seed irradiated with 3 MeV carbon ions with a dose of 3× 1016 cm−2. The remaining graphite
can be identified by the black areas within the diamond. The progress can be identified as
more and more of the area becomes transparent.

As shown in Figure 5.15 the observed etch gap is about 480 nm wide. This is only half the

gap width compared to thermal oxidation when using comparable substrate configurations.

Additionally, Figure 5.15 confirms the simulation results in terms of penetration depth. The

ions penetrated to a depth of about 1.6 µm and converted the diamond lattice into a roughly

480 nm thin sheet of graphite inside the crystal, which then was removed by etching. The

simulation predicted a penetration depth of 1.62 µm for 3 MeV carbon ions (Table 5.1). The

gap extends symmetrically by less than twice the simulated 2σ of the ion penetration depth
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distribution in each direction.

Grown	CVD

HPHT

Etch	gap

Figure 5.15 SEM image of the etch channel created by removal of the graphitic layer using
electrochemical etching of a substrate irradiated with 3 MeV carbon ions with a dose of
3× 1016 cm−2.

5.6 Analysis of the separated plates

A photograph of the freestanding CVD film and HPHT seed substrate without additional

cleaning or processing after the Lift-Off is shown in Figure 5.16 (left). The CVD layer was

separated using electrochemical etching. The surface roughness was measured after separation

at 8 and 50 nm for Ra and Rz. These values are comparable to those obtained by mechanical

polishing [180].

The right picture in Figure 5.16 shows different sizes and shapes of separated CVD

diamond plates. These pieces originated from a single seed substrate that was laser cut during

the oxidation experiments. The surface roughness caused by thermal oxidation etching is

visible on all pieces. As shown in the left picture of Figure 5.17, there appeared several visible

defects across the top surface after CVD diamond deposition. Holes in the SCD films became
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Figure 5.16 Photograph of a HPHT seed substrate and free-standing CVD film after successful
Lift-Off using electrochemical etching (left), various free-standing CVD films obtained from
Lift-Off using thermal oxidation (right).

apparent after performing thermal oxidation three times for 5.5 hours (middle picture of

Figure 5.17). The position of those holes matched the locations of visible defects prior to

etching as indicated by the blue arrows. After successful separation, it was clear that the

defect etching occurred throughout the entire CVD layer. This proves that those defects

initially formed at the seed-film interface and continued to build throughout the CVD layer

all the way to the top surface. Additionally, the entire top surface was slightly etched by the

thermal oxidation process. A close up view (right picture) shows the etched morphology. The

surface etching does not follow a particular pattern. Sometimes it occurred already after a

few hours and for other diamond films it only happened for long individual dwell times of

around 18 hours. Once the diamond crystal was slightly etched the effect worsened even for

short thermal oxidation times. Thus thermal oxidation did not only etch the damage layer

but also attacked other defects that may occur for various reasons on the crystal surface.

Overall, electrochemical etching appears to be the favorable separation technique. It

can be used with all ion types that were studied for implantation. The process does not

damage the seed substrate. The grown CVD layer separates significantly faster compared to

wet-chemical etching and thermal oxidation. No mechanical polishing is required to reuse
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Figure 5.17 Reflected light microscope image of a CVD-grown layer on a HPHT seed irradiated
with 3.75 MeV oxygen ions with a dose of 3× 1016 cm−2 (left), Damage created by thermal
oxidation for three times 5.5 hours (middle), four times enhanced close up microscope image
of the overall etched SCD top surface (right).

the seed. This has been confirmed by growing high quality SCD on a lifted off seed without

additional surface treatment after successful separation.

5.7 Analysis of the damaged layer

Another question is whether the damage layer is actually graphite after ion implantation

and high temperature CVD. To analyze this, the CVD film of a partially etched sample

was sheared off the seed, which left some remaining black material from the damage layer

region. This material, created after implantation using carbon ions, was analyzed by Raman

spectroscopy. Raman measurements of the already etched areas on the seed and grown

material showed a sharp diamond peak at 1332 cm−1. The Raman spectra of the black

material is shown in Figure 5.18. No diamond peak is present there. Instead the spectrum is

made up of the D and the G peaks. The peak positions of the two bands are 1352 cm−1 for
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the D and 1607 cm−1 for the G mode. The G mode is the stretching vibration of sp2 sites

in crystalline graphite. The D mode originates from “breathing” aromatic rings indicating

that long-range crystallinity is broken [189]. The G mode is present, but shifted upwards

from 1580 cm−1 for pure graphite. The peak ratio of the D to G mode is 1.28. Taken all this

information into account it can be concluded that ion implantation and high temperature

exposure during MPACVD forms nano-crystalline graphite in the implanted damage region

[189]. Thus the use of the term “graphitization” to describe the damage layer after high

temperature exposure seems justified. Nevertheless, it is still necessary to explore the situation

after implantation and prior to MPACVD to understand the carbon atom arrangement as a

direct result of implantation.
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Figure 5.18 Peak fit of the Raman spectrum of the graphitic layer remaining after successful
Lift-Off.

5.8 Summary

The commercial success of single-crystalline diamond applications will require ever larger

substrates. In addition to enlarging crystal sizes, an important technology will be the efficient
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separation of epitaxial layers from the seed crystals with minimized material loss and high

throughput. It will be commercially important to reuse the seed crystals many times. A

Lift-Off technique that is scalable to wafers of any size was studied. This technique uses ion

implantation to create a subsurface damage layer in the seed crystal at a defined depth. The

subsequent MPACVD grows epitaxial diamond and graphitizes the damaged region. A final

thermal oxidation or electrochemical etching process removes the graphitic layer to separate

the epitaxial plate from the seed crystal.

The SRIM software proved a very useful tool to determine implantation conditions with

respect to identifying the required ion energies for different ion types to achieve a targeted

implantation depth. The simulations also provide a reasonable estimate for the required

minimum dose to reach the necessary damage threshold. However, due to the nature of

the simulation code these estimates tend to be on the lower side. As the experiments with

proton irradiation have shown one should use about 3 times higher doses than simulated

to ensure full graphitization of the damaged layer. Throughout all etching processes sharp

channels formed indicating the thickness of the graphitic layer. The channels created for

proton-irradiated substrates were larger than for carbon- and oxygen-implanted samples,

which is in agreement with the higher straggle observed by SRIM simulations.

Protons, carbon and oxygen ions were explored to create the subsurface damage layer. All

ion types were able to achieve the goal if implanted with a sufficient dose. For protons a working

dose is about 30× 1016 cm−2 and carbon and oxygen ions will require 0.1× 1016 cm−2. The

use of oxygen instead of carbon ions reduces the required doses by 40 % based on SRIM

simulations. Proton energies of 300 to 700 keV, carbon energies of 3 MeV and oxygen energies

of 3.75 MeV are required to achieve a useful penetration depth of a few micrometers. If

samples changed their appearance from transparent to opaque during the implantation
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process and remained opaque after MPACVD, epitaxial material could be separated from

the seed crystals by various methods. Under these conditions the damage layer created after

carbon ion bombardment turned out to be nano-crystalline graphite based on analyzing some

remaining material with Raman spectroscopy.

To separate the epitaxial diamond plates from the seed crystal the damage layer has to be

removed. This can be accomplished by thermal oxidation and chemical etching techniques.

Wet-chemical etching, thermal oxidation and electrochemical etching were investigated.

Boiling acid solutions showed no effect on graphitized layers created by carbon and oxygen

ions, but worked for protons due to the greater width of the damage layer. Thermal oxidation

at temperatures of 590 ◦C were effective to selectively etch the graphitic layer for all substrates

that were irradiated with ion doses exceeding the damage threshold. It was observed that

etching progress by thermal oxidation is ultimately limited due to diffusion effects of the

gases used. Overall, electrochemical etching is the favorable separation technique. It can be

used with all the studied elements. The process does not damage the seed substrate surface.

The grown epitaxial CVD diamond layer separates within a few hours for a 3.5 mm× 3.5 mm

sample, which is significantly faster compared to wet-chemical etching and thermal oxidation.

Further optimization may be possible by modifying the etching solution. No mechanical

polishing is required to reuse the seed.

Open research questions remain as to the annealing effect on proton irradiated samples with

doses of about 20× 1016 cm−2. These samples turned opaque after implantation indicating

graphitization but became again transparent during high temperature CVD. The effect is

certainly some form of annealing, however, the diamond lattice was not completely repaired

as those samples etched in thermal oxidation conditions forming a gap of 10 µm corresponding

to a thick damaged region.
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Chapter 6

Continuous wave reactor operational

field mapping and SCD synthesis for

pressures up to 400 Torr

6.1 Introduction

During the last 20 years, microwave plasma assisted chemical vapor deposition (MPACVD)

technologies have become the most established method to grow single crystalline diamond

(SCD) [30, 59, 31, 67, 72, 190, 56, 49, 46, 66, 191, 192, 61, 100, 193]. Several different reactor

designs have been proven successful in diamond growth. Recently, Mallik [194] compiled a

detailed MPACVD technology review and presented the schematics of the important different

reactor designs currently in use. Despite the recent improvement in MPACVD diamond

growth technologies, there is a continuous need to further increase high quality diamond

growth rates.

Using the diamond deposition theory as provided by Harris and Goodman [45, 41], i.e.

referred to here as the Harris-Goodman CVD diamond deposition theory, Silva et al. [49]
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showed that increasing the process pressure is a key parameter to simultaneously increase

the SCD growth rate and crystal quality. Silva’s computed model indicated that an increase

in pressure results in a higher concentration of [CH3] radicals in the discharge, which in turn

directly corresponds to a higher SCD growth rate. The Harris-Goodwin theory also indicates,

as illustrated in Figure 4 of [49], as pressure increases the concentration of atomic hydrogen

[H] increases ten to a hundred times faster thanthe increase in [CH3] radicals.

According to the Harris-Goodwin theory, as introduced in Section 2.2.1, the defect density

Xsp2 is, inversely proportional to the atomic hydrogen radical density as follows [41]:

Xsp2 ∝
G

[H]2s

where G is the growth rate. Silva et al. [49] showed that [H] radicals increase much

faster with pressure than the [CH3] radicals. According to Equation (2.2), the defect density

decreases as pressure increases. Thus, non-diamond carbon and defects are greatly reduced

as pressure increases during deposition while the growth rate also increases. and as a non-

diamond carbon and defects are greatly reduced during deposition as pressure increases.

Thus, as pressure increases the growth rate increases while the defect density decreases. This

behavior has been verified for a broad pressure range [190, 31] of experimental conditions.

Another common approach to increase the growth rate is by increasing the methane

concentration in the gas phase. Doing so results in a linear increase of the [CH3] radical

density [49] resulting in a linear increase of the SCD growth rate [56] [85]. Unfortunately,

if operating at a constant pressure, the [H] concentration remains virtually unchanged as

[CH3] increases. Thus, under constant pressure operation, the defect concentration will

increase as CH4 increases [70]. However, at high methane concentrations, i.e. greater than
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6 %, soot formation occurs. This illustrates the specific desire during process development to

increase the process pressure as much as possible and to concentrate on growth conditions

with moderate methane concentrations.

Most current reactor designs have reported operating results at a pressure range of 100 to

240 Torr [194]. More recent research efforts have resulted in increasing the operational range

to 300 Torr and have successfully demonstrated SCD deposition [59, 31, 61]. Additionally,

the stable operation of the microwave cavity plasma reactor (MCPR) up to 350 Torr has been

reported [195], but there has been no extensive systematic experimental MPACVD diamond

growth results reported yet at pressures between 300 and 400 Torr.

When increasing the pressure a particular set of problems and uncertainties arise: (1) It is

well known that the absorbed discharge power density increases super linear with increasing

pressure [59] up to 300 Torr and this behavior is likely to continue for higher pressures. Thus,

high pressure operation will result in an even more compressed discharge and an associated

higher power density discharge. (2) The discharge gas temperature further increases with

increasing pressure [195] and can easily surpass 3500 ◦C. This makes it even more important

to ensure that no interactions between the plasma and reactor walls are occurring [57] or else

there is a possibility for a critical failure. (3) The discharge becomes much more buoyant with

increasing pressure. Slight detuning of the cavity or fluctuations of the output microwave

power frequency can actually result in an unsteady flickering discharge or a discharge that

moves around inside the reactor [31]. Finally, (4) there is the possibility of hotspot formation,

where the discharge attaches to the seed [196, 57] or some other available surface, i.e. the

substrate holder. Hence it is more difficult to control the discharge and to ensure a safe and

efficient operation with increasing pressure, especially at pressures above 300 Torr.

The objective of this chapter is to advance MPACVD deposition knowledge into the
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pressure regime between 300 and 400 Torr and to explore the fundamental MPACVD behavior

of SCD growth in this pressure regime. Stable and repeatable operational conditions in this

new pressure regime have been found, and high quality SCD growth up to 400 Torr under safe

and efficient operating conditions, as has been described earlier for lower pressures [31], has

been demonstrated. First, the description of a specific reactor configuration that is used to

operate efficiently and safely at pressures between 300 and 400 Torr is presented and then the

general experimental methods and procedures are reviewed. Then, the reactor performance

in the 300 to 400 Torr pressure regime is experimentally explored. The reactor operating field

map and the absorbed power density versus pressure are experimentally measured. These

results are then compared to the previously published results from the reactor operation

at lower pressure and lower power densities [30, 31, 59]. Finally, SCD is grown under high

pressure operating conditions and the growth rate, morphology and crystalline quality of

SCD is investigated versus pressure and methane concentration. All experiments use a pocket

holder, that has been optimized for rimless SCD growth [72].

6.2 The fundamental reactor behavior at pressures above

300 Torr

6.2.1 Recording of the operating field map and measuring the dis-

charge power density

Previous experiments determining the operating field maps up to 300 Torr employed a 1 inch

silicon wafer as substrate for field mapping reference measurements [30, 31]. Lu et al. [31]

described the procedure of recording operational field maps in detail. When attempting to
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utilize 1 inch silicon wafers above 300 Torr frequent hot spots occurred and melted the wafer.

Thus, a 3.5 mm× 3.5 mm× 1.4 mm Type Ib HPHT SCD seed was used as the substrate for

this operating field map study and was placed in the optimized pocket holder that is shown

in Figure 3.4. In all of the experiments described here the reactor geometry was held fixed as

mentioned in Section 3.1.1 and only the input pressure and power were varied. The hydrogen

flow rate was held constant at 400 sccm. A constant methane flow of 12 sccm was added for

a methane concentration of 3 % and a total gas flow of 412 sccm. The substrate temperature

was measured using a IRCON Ultimax one-color infrared pyrometer. The emissivity was set

to 0.6.

Optical photographs of the plasma discharge have been recorded during the operating

field mapping using a Canon EOS 20D. The camera was placed on a tripod outside the

reactor to ensure a fixed position. The plasma was displayed through a screened window

machined into the cavity. The exposure time was kept constant to compare the different

images. The pocketed substrate holder had a diameter of 38.5 mm and which was found to

be 2337 pixels in the photo images of the discharge. The plasma discharge volume Vd was

calculated analyzing the photographs using image analysis software Fji [188]. The discharge

diameter d was determined by intensity analysis of a line scan across the center of the

spherical discharge. The threshold intensity was identified as 66 %, as 50 % overestimated

the plasma volumes significantly due to the corona of the bright discharge. The discharge

volume was calculated by assuming a spherical discharge and using:

V d =
π

6
d3 (6.1)

The discharge power density was calculated by:
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< P abs >=
P abs
V d

(6.2)

This approach is similar to the method used by Bushuev et al. [86]. They recorded

two adjunct images of the plasma discharge using a Hα filter. They defined 50 % intensity

as the boundary of the discharge core and determined the two individual ellipsoid plasma

projections to calculate the discharge volume. Their reported absorbed microwave power

density at 130 Torr was between 200 and 500 W cm−3 using a different reactor than the one

used in this study.

6.2.2 Discharge behavior and absorbed power density

It is well known that an increasing pressure results in decreasing discharge dimensions under

constant absorbed input power [30]. This means that increasing the pressure results in an

increased discharge power density [30, 190]. Thus, increasing the pressure and absorbed

power simultaneously is a good way to enhance the discharge power density while keeping

the discharge dimensions constant. Another benefit of increasing the pressure is that as

the growth rate increases the defect density decreases [49]. It is possible to increase the

discharge power density independently from the pressure by altering the reactor dimensions,

i.e. by reducing the substrate holder diameter as discussed in [30, 59]. For example, when

redesigning Reactor A to Reactor B the cooling stage/holder diameter was reduced by a

factor of 2 and the discharge power density for the same pressure was increased by a factor

of 4 to 5 [59]. The effect of the increased discharge power density resulted in a factor of three

increase in grow rate [54, 30].

Previous reports did show a super linear increase of the discharge power denisty with
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increasing pressure for Reactor B up to 240 Torr [59]. In this investigation, which utilizes the

highly filtered continous microwave power supply, the power density was determined up to

400 Torr. The discharge volume was approximated as described in Section 6.2.1. Figure 6.1

shows the photographs of the discharges between 120 and 400 Torr. The estimated plasma

volumes and the calculated absorbed discharge power densities are plotted versus pressure in

Figure 6.2. The graph shows that the plasma volume is descreasing for increasing process

pressure while the absorbed input power level is held constant. This results in an increase of

the absorbed discharge power density with increasing pressure. As shown in Figure 6.2 the

discharge has a volume of 7.6 cm3 for a process pressure of 120 Torr and an absorbed power

level of 2100 W, and decreased to 4.0 cm3 and 3.1 cm3 for 300 and 400 Torr, respectively.

120	Torr 180	Torr 240	Torr 400	Torr360	Torr300	Torr

Figure 6.1 Photographs of the discharge above a 3.5 mm× 3.5 mm SCD substrate in a 1.5
inch molybdenum holder as the pressure is increased from 120 to 400 Torr. The absorbed
power is kept constant at 2100 W.

The development of the absorbed discharge power density can be broken down into two

regimes. A linear increase from 275.4 to 526.4 W cm−3 is observed for moderate pressures

from 120 to 300 Torr. Then, in the second regime when increasing the pressure up to 400 Torr

the absorbed power denisty increases super linear to 671.3 W cm−3.

The changes in absorbed power densities when increasing the overall absorbed input power

for certain pressures are shown in Figure 6.3. It can be seen, that the power densities for

moderate pressures remain relatively constant over power ranges between 1.2 and 2.7 kW.

This is in contrast to previous reports, where an increase of overall power resulted in a
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Figure 6.2 Discharge power density and volume as a function of the pressure for the discharges
utilizing Pabs = 2100 W and 3 % CH4 as shown in Figure 6.1. The differentiation between the
previously investigated moderate pressure regime and the high pressure regime is indicated
by the green dashed line.

reduced absorbed power density [31] as much as 30 % [86] at more moderate pressures in

the 100 Torr pressure regime. However, the behavior is different in the high pressure regime,

where a parabolic upper trend can be seen, i.e. as the input power increases the absorbed

power density first decreases and then at the higher input levels the absorbed power density

increases with increasing input power levels. This increase in power density may imply that

the discharge at these higher power levels is becoming more of an arc-like and thermal-like

discharge. Understanding of this requires further investigation.

6.2.3 High pressure experimental field map

The substrate temperature and pressure as a function of the absorbed power, i.e. the reactors’

operational field map, was recorded from 120 Torr to 400 Torr. This set of curves defines the

non-linear behavior between the three major input variables pressure, absorbed power and
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Figure 6.3 Absorbed power densities as a function of the overall absorbed power in the
discharge for pressures ranging between 120 and 400 Torr at 3 % CH4.

substrate temperature. The results for the entire 120 to 400 Torr pressure region are plotted

in Figure 6.4. It can be seen that all curves can be described with a linear approximation of

the substrate temperature Ts as follows:

T s (p, P abs) = m (p)× P abs + T off (p) (6.3)

where m(p) represents the pressure dependence of the temperature slope ∆W/∆T for

increasing absorbed power levels Pabs. Toff(p) represents a mathematical term which is used

to describe a theoretical temperature the substrate would have without input power based

on the linear fit. Obviously, this is just a theoretical term as no plasma discharge would be

present at 0 W, hence leaving the substrate temperature at room temperature.

Overall, two different pressure regimes have been identified, i.e. one for moderate pressures,

120 to 300 Torr, illustrated in Figure 6.6, and a high pressure regime, 300 to 400 Torr, which

is illustrated in Figure 6.7. These two different pressure regimes display different behavior.
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Figure 6.4 Operational field map for Reactor B using a SCD substrate over the entire pressure
regime. Experimental conditions: flow = 412 sccm, CH4/H2 = 3 %, Zs = −4 mm, ε = 0.6

Additionally, the development of the individual curves of the operational field maps was

quantified by plotting the parameters of the linear approximation, m(p) and Toff(p), as a

function of the pressure. The results are shown in Figure 6.5. The separation between the

moderate (120 to 300 Torr) and high pressure regime (300 to 400 Torr) and the different

behaviors between those two regimes can be clearly well.

The substrate temperature behavior for moderate pressures (120 to 300 Torr) is comparable

to previous reports using an unfiltered discharge [30, 31]. Increasing the absorbed power at a

given pressure results in an almost linear increase of the substrate temperature across all

absorbed power levels as shown in Figure 6.6. This behavior can be verified with the behavior

of the fitting parameters of the temperature curves, as shown in Figure 6.5. The slope m(p) is

increasing with pressure. Hence, Ts is increasing with the absorbed power at a given pressure.

At the same time Ts is also increasing with increasing pressure. This can be explained by

the fact, that Toff(p) is decreasing with pressure, but the increase of m(p) with pressure is
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Figure 6.5 Dependency of the fitting parameters used for the linear approximation of the
individual temperature curves of the operational field maps as a function of pressure. Data
points from additional road map curves in the high pressure regime are shown in Figure 6.7.
The differentiation between the previously investigated moderate pressure regime and the
high pressure regime is indicated by the green dashed line.

high enough to counter the behavior of Toff(p). This results in the increased overall SCD

substrate temperature. The same trend can actually be seen in Figure 7 of Lu et al. [31]

when evaluating the temperature curves for m(p) and Toff(p). It can be seen, that Toff(p) is

decreasing, especially for 180 and 240 Torr. The observation of the decrease in Toff(p) is an

indicator, that higher absorbed power levels will be necessary in order to operate the reactor

at a regime with substrate temperatures suitable for SCD diamond growth.

Figure 6.7 displays a more detailed view of the field map over the high pressure regime.

As shown in the figure, once the pressure is increased into a high-pressure regime (300 to

400 Torr) a different behavior is noticeable. This behavior is more easily detectable when

evaluating the fitting parameters of the temperature curves, as shown in Figure 6.5. The

temperature slope m(p) is still increasing linear with pressure, but at a higher slope compared

to the moderate pressure regime. At the same time, the temperature offset Toff(p) decreases
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Figure 6.6 Operational field map for Reactor B using a SCD substrate over the previously
explored moderate pressure regime (120 to 300 Torr). Experimental conditions: flow = 412
sccm, CH4/H2 = 3 %, Zs = −4 mm, ε = 0.6

at a much higher rate. Hence, the substrate temperature is decreasing unless significant

power levels are used. This is a clear indication, that the interaction between the discharge

and the substrate becomes different in this high pressure regime. This increase in the slope

of m(p) while Toff(p) is decreasing may indicate the beginning of a thermal runaway of

the plasma, which becomes disjointed from the substrate, where the pulling away from the

substrate results in an insufficient flux of species and energy onto the SCD substrate. The

runaway becomes especially noticeable for high pressures of 380 and 400 Torr. The pulling

of the plasma from the discharge can be explained as follows: the reactor geometry is fixed

as the pressure is increased. It is observed plasma dimensions continue to shrink when the

pressure is increased. This was shown in Figure 6.1. It was also observed that the center

point of the discharge remains the same throughout the entire pressure regime. Therefore, the

plasma discharge pulls away from the substrate as the pressure is increased. This results in an

increasing distance between the substrate and the boundary of the spherical plasma discharge
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with increasing pressure. This further results in a lower species flux onto the substrate. Thus,

the plasma-substrate layer, which forms in the space between the substrate and the discharge

increases as the pressure increases [67]. Overall, this results in a lower substrate temperature.
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Figure 6.7 Operational field map for Reactor B using a SCD substrate over the previously
unexplored moderate pressure regime (300 to 400 Torr). Experimental conditions: flow =
412 sccm, CH4/H2 = 3 %, Zs = −4 mm, ε = 0.6

There are two different possibilities two overcome this effect and to increase the substrate

temperature to levels suitable for SCD deposition. One option, as demonstrated Figure 6.4

in and Figure 6.7, is by increasing the absorbed power level of the plasma discharge, i.e. it is

necessary to increase the absorbed power from 2400 to 2550 W to maintain similar substrate

temperatures when going from 300 to 400 Torr. The center location of the plasma discharge

remains the same, but the overall plasma diameter and volume increases as more power is

available. This moves the discharge boundary closer to the substrate. The plasma boundary

is then moved back closer to the substrate. The boundary layer is reduced and the substrate

temperature and growth rate increases.

Alternatively, the reactor configuration can be retuned by adjusting the cavity lengths Ls
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and Lp and the position of the substrate within the reactor L1 and L2. A proper retuning

would allow the movement of the center of the plasma discharge closer to the substrate. This

will reduce the boundary layer between the discharge and substrate effectively increasing the

substrate temperature and the growth rate, consecutively.

Overall, the discharge dimensions are smaller, when using the approach of retuning the

reactor over simply adding more power. Hence, retuning of the reactor seems the most

efficient approach when increasing the operating pressure even further. More and more

additional power will be required to increase the discharge dimensions in order to offset the

increasing distance between the discharge and the substrate. This means, that the reactor is

no longer operated efficiently and instead a retuning for efficient operation in this new high

pressure regime is preferable.

6.3 Single crystalline diamond synthesis and analysis

6.3.1 SCD deposition

Each experimental SCD deposition lasted 20 hours. The growth processes employed the same

cooling stage setup and reactor geometry as shown in Figure 3.1. Process pressures were

between 180 and 400 Torr at 5 % methane for the experimental runs in the pressure series.

Methane concentrations were varied between 5 and 9 % at 300 Torr for the methane series.

During experimental startup, the reactor was ramped up to operating pressure only using

hydrogen. Methane was added as soon as process pressure was reached. Unwanted nitrogen

incorporation into the reaction chamber caused by the purity of the feed gases is below 6 ppm

[68]. Substrate temperatures have been kept constant around 900 ◦C (this corresponds to

1050 – 1100 ◦C when measuring with an emissivity of 0.1) by adjusting the absorbed power.
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Absorbed power levels were in the range of 2.1 to 2.4 kW. In order to maintain a constant

substrate temperature, the absorbed power was decreased throughout the deposition run to

compensate for the growing SCD [60]. After deposition, the CVD-grown layer was separated

from the seed crystal by laser cutting and mechanical polishing [180]. PCD, which has formed

on the substrate holder during deposition was removed after each SCD deposition experiment

[67].

6.3.2 Pressure series: the experimental demonstration of SCD growth

at 300 to 400 Torr

6.3.2.1 Growth rate versus pressure

Based on the Harris-Goodwin theory an increase in process pressure results in an almost

linear increase of growth rate, while reducing the defect density significantly due to the

presence of much higher amounts of atomic hydrogen [49]. This behavior has been verified in

various reactor geometries for lower pressures, including up to 280 Torr [31] using an unfiltered

microwave discharge. In this investigation SCD growth was performed for pressures between

180 and 400 Torr.

The experimental growth rate and weight gain as a function of the process pressure

were measured and are plotted in Figure 6.8. An almost linear increase of the growth rate

can be seen up to 380 Torr. Overall, the growth rate tripled from 9.3 to 28.1 µm h−1 when

the pressure increased from 180 to 380 Torr. The growth rates reported here were smaller

compared to previously reported growth rates using a Reactor B from 180 up to 280 Torr,

which was equipped with an unfiltered microwave power supply [30, 31, 67]. For example

Lu et al. [31] reported growth rates between 26 and 28 µm h−1 for a process pressure of
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240 Torr, while only 16.2 µm h−1 have been achieved in this investigation. Examples of Lu’s

experimental results are plotted in Figure 6.8 as the five red individual data points. This is

in accordance with the recognition that the discharge by Lu et al. [31] was fluctuating which

leads to increased growth rates due to the increased creation of [CH3] species [140, 146, 147].
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Figure 6.8 Linear growth rate and weight gain as a function of the process pressure and
comparing the growth rates to previously reported results by Lu et al. [31]. Experimental
parameters: flow = 420 sccm, CH4/H2 = 5 %, Zs = −4 mm, Ts = 900 ◦C , ε = 0.6, t = 20 h

When the pressure is increased further from 380 Torr to 400 Torr, the growth rate flattens

out. The most likely explanation of this phenomenon is to associate it with the observations,

which were made and analyzed in Section 6.2.2. In other words, as the pressure increases the

distance between the discharge and the substrate also increases. It is plausible to assume

that the region of high density [CH3] creation is being pulled away from the surface of the

substrate.

The increase of the weight gain as function of the pressure follows the growth rate behavior.

This is reasonable as no PCD has been formed throughout deposition, as seen Figure 6.9.
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(a) 240 Torr (b) 300 Torr

(c) 380 Torr (d) 400 Torr

Figure 6.9 Top surface of SCD films grown in the pressure range between 240 and 400Torr.

6.3.2.2 Morphology versus pressure

The morphology of the grown SCD films after deposition without additional processing can

be seen in Figure 6.9. No PCD formation occurred throughout the entire pressure regime

by using a pocket holder design similar to the design that was optimized for rimless growth

[72]. Additionally, the SCD surface area enlarged from 3.6 mm× 3.6 mm to approximately

4.3 mm× 4.3 mm, which is an overall increase of around 40 %. The outgrowing occurs in a

rather similar way for the entire pressure regime. Only a few experiments occurred, where
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the outgrowing was not as dominant, such as the example shown in (b) of Figure 6.9, where

nevertheless the SCD area still increased by more than 25 %. The formation of a few local

defects in the outgrown SCD material occurred, see (a) in Figure 6.9, where the middle of

the top edge features a few defects. Other than that, it can be noted, that the morphology of

the center SCD area looks almost perfect. No growth defects are visible and the SCD grew

in layer-by-layer mode resulting in a smooth surface.

6.3.2.3 Birefringence versus pressure

Figure 6.10 shows the birefringence images of the freestanding CVD-grown SCD films from

Figure 6.9 after they were laser cut and mechanically polished [180]. Unfortunately, the plates

in (a) (240 Torr) and (b) (300 Torr) cracked during mechanical polishing due to their rather

thin film thickness. The only detectable amount of birefringence is located at the edges of

the SCD in the outgrown areas. The stress is distributed around all four sides and can be

attributed to the (110) and (111) oriented lateral growth directions [46]. For examples, (d) of

Figure 6.10 features the highest amount of birefringence in its four corners being attributed

to the (111) oriented growth [46]. The center of each grown SCD film is virtually stress free

and covers the entire area of the original HPHT seed crystal. All HPHT seeds showed a high

amount of birefringence in the typical clover like stress pattern [180]. This indicates that

internal stress, as shown in Figure 6.10, is not propagating from the seed crystal itself into

the grown CVD film.
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(a) 240 Torr

(b) 300 Torr

(c) 380 Torr

(d) 400 Torr

Figure 6.10 Through (left) and birefringence (right) images of grown SCD films for pressures
between 240 and 400 Torr.
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6.3.3 Methane series: the exploration of SCD growth at high methane

concentrations at 300 Torr

6.3.3.1 Growth rate versus methane concentration

Another way to increase the growth rate of SCD films is by increasing the methane concen-

tration [49, 70]. A linear increase of the growth rate with increasing methane concentration

has been reported [186]. Increasing the methane concentration has two intrinsic problems,

which have to be balanced: (1) Increasing the methane concentration in the reactor past a

certain value frequently causes soot formation and an overall coating of the internal reactor

walls, i.e. the quartz dome and the metal walls with carbon containing films [46, 197], and

(2) increasing the methane concentration increases the amount of methyl radicals, but does

not change the amount of atomic hydrogen [49]. This will result in a higher defect density

based on Equation (2.3).

The growth rate and weight gain as function of the methane concentration from 5 to

9 % are plotted in Figure 6.11. The addition of more methane into the reactor results in a

moderate increase of the growth rate. When increasing the methane concentration from 5 to

9 % the growth rate increases from 19.6 to 27.1 µm h−1. This is an increase in the growth

rate by almost 40 %.

An interesting observation can be made when comparing the increase in growth rate and

in weight gain as a function of the methane concentration. While both curves were basically

identical for increasing pressure, they show different dependency on methane as shown in

Figure 6.11. The graph for the growth rate can be broken down into a region of below 7 %

and above that. Contrary to that, the graph for the weight gain is one straight line. This

difference can be easily explained by the fact, that the rimless growth disappears at a methane
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Figure 6.11 Linear growth rate and weight gain as a function of the methane concentration.
Experimental parameters: p = 300 Torr, Zs = −4 mm, Ts = 900 ◦C , ε = 0.6, t = 20 h

concentration greater than 6 % and a PCD rim forms for 7 % methane and above as shown

in Figure 6.12. The total amount of carbon grown onto the seed crystal is increasing linearly

as expected, which reflects in the graph of the weight gain. Once the formation of PCD sets

in, the growth mode changes, which impacts the linear SCD growth rate in the center of the

sample.

6.3.3.2 Morphology versus methane concentration

Another interesting observation in addition to the PCD formation for methane concentrations

for 7 % and above is a visible change in morphology of the grown SCD material. As shown in

Figure 6.12 the SCD films grown with 5 and 6 % methane are smooth. This clearly changes

for higher methane concentrations. The growth mode transfers first into an oriented terrace

growth. This trend has been observed by others as well [186]. The growth at 9 % methane

can almost be classified as island growth [198]. This somewhat uncontrolled growth results

160



(a) 5% (b) 6%

(c) 7% (d) 8%

(e) 9%

Figure 6.12 Top surface of grown SCD films for methane concentrations between 5 and 9 %.
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in the formation of several visible defects.

6.3.3.3 Birefringence versus methane concentration

Birefringence images of the freestanding films are shown in Figure 6.13. Additionally, (a) in

Figure 6.10 is the corresponding image for 5 % methane concentration. The stress behavior

follows the same trend as the growth mode. Five and 6 % methane concentration contain only

small amounts of internal stress on the outgrown part of the SCD being attributed to the

(110) oriented lateral growth while the center is stress free. This changes for higher methane

concentrations. SCD films grown with at least 7 % methane all show various degrees of

internal stress, distributed across the entire film. One could speculate, that the transformation

in growth mode does not only cause the formation of PCD material, but also introduces stress

into the film. The stress pattern of the underlying HPHT seeds had the typical clover like

appearance. Contrary to that, the stress pattern found in the CVD-grown films do not follow

the clover like stress pattern observed in the HPHT seed, indicating that the occurrence and

type of internal crystal stress in the CVD-grown materials is created independently from the

seed crystal.

6.4 Summary

The growth window for SCD was increased into the 300 to 400 Torr pressure regime and the

deposition of high quality stress free SCD was demonstrated by utilizing a stable continuous

microwave power supply. Individual deposition runs were carried out over 20 hours each using

a fixed reactor geometry. Substrates were placed in a shallow pocket holder (d = 2.0 mm)

and the substrate temperature was kept constant at 900 ◦C by adjusting the absorbed power
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(a) 6%

(b) 7%

(c) 8%

(d) 9%

Figure 6.13 Through (left) and birefringence (right) images of grown SCD films for methane
concentrations between 5 and 9 %.
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between 2.1 and 2.4 kW. Growth rates increased with pressure and were as high as 28.1 µm h−1

for 380 Torr. The freestanding SCD plates were grown without a PCD rim and did not show

birefringence. The reactor demonstrated repeatable deposition performance throughout the

300 to 400 Torr pressure range during more than 50 growth experiments. For example, the

plasma discharge remained stable in size and position without any presence of flickering and

almost identical absorbed power levels were used in individual growth experiments to achieve

the same growth conditions.

The reactor was experimentally characterized by measuring the operational field map

and the associated absorbed power densities between 300 and 400 Torr. Refined methods for

recording the operational field map and absorbed power densities were established. Absorbed

discharge power densities in the 300 to 400 Torr pressure regime increased from 525 to

670 W cm−3 as pressure was increased.

The current understanding of diamond growth versus pressure, i.e. the Harris-Goodwin

theory, was verified over the 300 to 400 Torr pressure regime. The discharge volume keeps

decreasing and the absorbed power density increases with pressure. The growth rate increases

with pressure and the quality of the grown diamond films remains high.

Rimless SCD was grown at 5 and 6 % methane and the SCD surface area expanded by

40 %. Higher methane concentrations resulted in a change of surface morphology and the

formation of a PCD rim and the likelihood of soot formation. The current understanding

of diamond growth versus methane concentration was verified in the high pressure regime

of 300 Torr, i.e. the growth rate increased by 40 %, but the formation of defects during

deposition increased as well as predicted by the Harris-Goodwin theory [41].

The plasma discharge decreased in size and pulled away from the diamond seed and

substrate holder for very high pressure experiments (above 380 Torr), both when recording
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the operational field map and during SCD growth and the growth rate slightly decreased.

This indicates, that the reactor configuration, i.e. the substrate holder design and position zs,

has to be readjusted and tuned to further enhance the SCD growth performance. This process

optimization remains to be investigated in future work when the operational regime will be

enhanced even further by operating in even higher pressures. Hence, further experiments

are expected to result in optimized results on the SCD growth rate and crystalline quality.

Additionally, further investigation of the plasma, i.e. optical emission spectroscopy and

determination of the gas temperature, in this high pressure regime is still necessary.
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Chapter 7

Time resolved formation of pulsed

microwave discharges

7.1 Introduction

Pulsing of the discharge, which is inside of a microwave plasma assisted chemical vapor

deposition (MPACVD) diamond deposition reactor, has attracted great interest in recent

years [199, 200, 201, 139, 135, 144, 140, 146, 147, 148]. One of the major benefits of pulsing

a microwave discharge is that it efficiently increases the amount of atomic hydrogen [H] in

the discharge [199, 143], which in turn plays a crucial role in the growth of single crystalline

diamond (SCD) by enhancing the crystalline quality [41, 49]. Additionally, in each duty

cycle, the discharge gas cools down when not supplying power. The reduced average gas

temperature [140] moves the process into a regime that is better suited for optimal net balance

of [CH3] [202, 203], which enables high growth rate [49].

The efficiencies of using pulsed discharges to enhance diamond growth rates due to

the higher number of radicals have been independently verified by several research groups

[144, 146, 147, 148]. For example, Tallaire et al. [144] achieved 40 % higher growth rates and

Yamada et al. [148] reported up to four times the growth rates. Tallaire et al. [144] also
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reported on a significantly improved film quality of the SCD wafers grown with a discharge

pulsed with a 50 % duty cycle. Another advantage of pulsing a microwave discharge is that

the peak power instead is utilized instead of the average power. This allows the operation

of the reactor with a lower overall power consumption [139], while still covering a larger

deposition area [145]. In summary, the use of pulsed microwave discharges is a promising

approach to increase the MPACVD SCD growth rate and growth area.

Unfortunately, the pulsing process itself is not yet fully understood, leaving room for

further improvement. The big shortcomings in fully understanding the underlying processes

are: (1) there is no unified theory describing the nature of pulsed microwave discharges, i.e.

various studies investigated different pulsing frequencies leaving the field disjoint rather than

trying to construct a theory valid for a large experimental variable space. For example, the

modeling efforts by Brinza et al. [140] indicated, that pulsing frequencies around 80 Hz would

yield the most promising results, while Vikharev et al. [147] identified 250 Hz as the most

efficient and Yamada et al. [148] claimed that pulsing in the kHz range outperformed lower

frequencies, but introduced plasma instabilities by the pulsing when operating above 120 Torr.

It will be necessary to unify those approaches in order to get a solid understanding of the

detailed processes involved in the pulsing routine. (2) The pulsing behavior is dependent of the

reactor geometry, i.e. absorbed power density, gas flows, diffusion and volume recombination,

but this fact is never addressed in the past published work. (3) Most modeling efforts rely on

simplistic 1D axial plasma models, which do not account properly for all dynamic processes

during expansion and vanishing of the discharge, i.e. Gicquel et al. [139] suggested, that

a pulsed discharge may be ignited in a small volume near the SCD surface and hence the

ignition phase of the pulsed microwave discharge would not be properly reflected by their

developed model. (4) All of the past work has been carried out at lower operating pressures.
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Modeling has not been performed for pressures above 150 Torr [148, 136, 139]. Most deposition

experiments were in the same pressure region (150 to 202 Torr), only Muchnikov et al. [146]

reported on pulsed SCD deposition up to 260 Torr. (5) Most previous studies focused on

pulsing frequency and duty cycle as parameters. Even though these two are the easiest to

access and visualize, they depend on the high and low times (Thigh and Tlow) of the pulsing

cycle. Additionally, the pulsing times and the microwave power provided for the pulsing

cycles (Phigh and Plow) have an impact of the average power. The individual variables are

inter-dependent. Therefore, the average power, the frequency and the duty cycle should be

specified and then similar experiments can be compared to each other. For example, it is

easy to construct vastly different pulsing behaviors, i.e. Thigh = 2 ms and Tlow = 4 ms will

have a different pulsing dynamic than Thigh = 12 ms and Tlow = 24 ms, even though both

sets of pulsing parameters have a 33 % duty cycle and the same average power Pavg if Phigh

and Plow are kept constant.

A need of using previously unexplored analytical tools in order to gain a deeper insight

was identified in order to establish a different view on the dynamic nature of pulsed microwave

discharges. It appeared that the biggest discrepancy is that the plasma simulations created in

the past have not included the ignition and transient behavior of the actual plasma. Instead,

they were usually compared to steady state analytical techniques, i.e. optical emission

spectroscopy, or diamond growth rates. Thus, in this dissertation a new recording technique,

video recording was identified as a direct assessment tool for the dynamic formation of the

discharge. Recording the dynamic formation of the discharge inside the reactor under actual

deposition conditions will finally allow the review and comparison of the simulations with

what is actually experimentally happening and to identify potential improvements of the

previously used models. Lastly, it is expected that recording the discharge formation for
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pulsed discharges at pressures of 300 to 400 Torr will motivate new simulation efforts that

are more realistic for SCD deposition [195].

7.2 The video recording setup and procedure

High speed videos of the pulsed discharges were recorded using a Photron FASTCAM APX-RS

camera and a Nikon FX AF MICRO-NIKKOR lens with a focal length of 105 mm and a f/2.8

aperture. No external filters were used in the setup. The camera and objective were mounted

on a tripod and were focused on the discharge region though a screened window in the cavity.

The experimental setup is shown in Figure 7.1. The recording was focused onto the SCD

substrate. Control and recording of the camera was performed using an external computer,

which was independent of the computer control system of the reactor. The camera setup was

focused in live view mode of the software once the reactor reached process pressure. The

videos were recorded with a frame rate of 5000 frames per second (fps). This corresponds

to an interval of 200 µs between individual frames. The frames have been recorded in color

mode and contain 512 by 512 pixel.

The camera recording software saved each individual frame and also created a video of

all individual frames in correct order. The video recording sequence was recorded without

external triggering of either the high or low shoulder of the square wave of the pulsed discharge

(see Figure 3.3). Instead, the recording was started manually and 20 pulsing cycles were

recorded for each individual measurement. The recording of multiple cycles was done to

ensure a repeatability of the individual pulsing cycle. The number of frames per cycle matched

with the anticipated time for the on and off duration of the pulses for all recording illustrating

the high stability and repeatability of the pulsed microwave power supply. The first frame of
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Figure 7.1 Experimental setup for the video recording of the formation of pulsed microwave
discharges.

the pulsing cycle was manually identified for data processing (hence the different image IDs

for the different cases discussed). The images were individually inspected and the individual

time duration within the pulsing cycle were determined based on the image ID and the given

frame rate of 5000 fps.

All videos were recorded at a process pressure of 300 Torr. The hydrogen flow rate was

held constant at 400 sccm. A constant methane flow of 20 sccm was added for a methane

concentration of 5 % and a total gas flow of 420 sccm. A 3.5 mm× 3.5 mm× 1.4 mm Type

Ib HPHT single crystal diamond was placed in a water cooled pocket holder to represent
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actual SCD deposition conditions. The diamond top surface was recessed compared to the

holder’s top surface.

All studied pulsed behaviors were done using Phigh of 3000 W and Plow of 0 W as fixed

variables. Hence, the pulsing can be described as a true on-off pulsing. Thus, Thigh is the time

of the on period within the pulsing cycle and Tlow corresponds to the off period of the pulsing

cycle. Subsequently, Ton and Toff are used in the rest of the discussion to emphasize that

the studied pulsing behaviors are one special case in the four-dimensional pulsing parameter

space. The equations to calculate the dependent pulsing variables can be simplified as follows:

f =
1000

T on + T off
[Hz] (7.1)

duty cycle =
T on

T on + T off
[%] (7.2)

P avg =
T on · 3000

T on + T off
= 3000 · duty cycle [W] (7.3)

The reactor operated for five minutes each between changing pulsing parameters and

video recording to ensure that the reactor is in a steady state. This ensures that the recorded

dynamical discharge was caused by the pulsing itself and was not a transient response to

changing the external reactor conditions.

7.3 The pulsing cycle of pulsed microwave discharges

Throughout all recorded videos it was found, that the discharge is following a periodic cycle

when applying an on-off switched pulsing between 0 and 3000 W. First, the discharge is
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igniting. After the brief ignition period, the discharge expands to dimensions, which match

those of a discharge created by 3000 W of continuous wave excitation. The phenomena

observed in the ignition phase are discussed in the following sections. The images provided

cover both, the ignition and expansion phase. If the pulsing duration is long enough to allow

the discharge to fully expand, then the discharge will remain in a state corresponding that of

a 3000 W continuous wave excitation discharge until the off part of the cycle is reached. This

state of the discharge is referred to as steady state operating point.

Moving into the off part of the cycle causes the input power to go to zero. This means,

that no additional power is provided to offset losses, i.e. light emission, heat conduction and

convection. Thus, the discharge decays as more and more of the energy remaining in the

discharge is removed up to the point where the visible discharge disappears and then remains

without optical emission for the entire off duration. Once the next on state is reached the

discharge is reignited and the cycle repeats.

7.4 The steady state discharge decay

An example for the plasma decay is shown in Figure 7.2. The orange cube shown in each

figure is the SCD substrate, which glows due to its sufficiently high temperature. It can

be seen that the center of the plasma with the highest emission intensity is collapsing first

within 600 µs while the overall plasma dimensions remain rather constant. The plasma at this

time is comparable to images made for an absorbed power level of 2400 W with continuous

excitation. The frame afterwards (800 µs) corresponds to a continuous absorbed power level

of 2250 W. Overall, the visible discharge is completely vanished within 1.6 ms and no more

optical emission can be seen. This is comparable to the numerical description by Brinza et

172



al. [140], who determined, that diffusion and recombination of ionized species would take

approximately 2 ms. It can be seen that the SCD substrate is still glowing, but at a dark red,

which indicated that the substrate temperature has already dropped. This can be attributed

to the active and constant substrate cooling, while the energy transfer to the substrate is

reduced when the discharge collapses.

(a) 0.0ms (b) 0.2ms (c) 0.4ms

(d) 0.6ms (e) 0.8ms (f) 1.6ms

Figure 7.2 Example of the decay of a pulsed discharge with an on duration long enough to
ensure, that the discharge expended completely to its 3000 W steady state equivalent. The
input power goes to 0 W in the first image at 0.0 ms.
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7.5 Influence of the duty cycle: identification of five dif-

ferent discharge regimes

Variation of the duty cycle and its effect on the gas temperature and species spatial and

temporal distribution were simulated in the past [135, 139]. Unfortunately, those studies were

performed at significantly lower pressures than what is commonly used for SCD deposition

nowadays. All experiments presented here were performed with Ton + Toff = 20 ms, which

corresponds to 50 Hz. The pulsing occurred between 3000 and 0 W. Using 50 Hz results in

duty cycle increments of 5 %. Records were started at the highest duty cycle of 95 % and

successively reduced until a point was reached, where the discharge became instable and died

off.

Increasing the duty cycle simultaneously increases the time period when the discharge

is active and reduces the time period, when the discharge is off. Thus, the average gas

temperature should be increased with a higher duty cycle. Additionally, the number of

ionized species is expected to be higher at the beginning of the next pulse due to the shorter

off time of the pulsing cycle. A summary of the recorded settings including the pulsing

parameters, the resulting dependent variables and classification of the observed discharge

formation is summarized in Table 7.1. Overall, five regimes are identified as (1) to (5). Each

regime has a different spatially and time varying discharge pattern. Selective videos for each

of the four cases, where a discharge is actually created, can be found in the supplemental

files.
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Pulsing parameters Dependent parameters
Ton Toff duty cycle Pavg f Spatially different discharge parameters
ms ms % W Hz
6 14 30 900 50 (1): no discharge
7 13 35 1050 50 (2): formation of one inhomogenous arc
8 12 40 1200 50 (2): formation of one inhomogenous arc
9 11 45 1350 50 (2): formation of one inhomogenous arc
10 10 50 1500 50 (2): formation of one inhomogenous arc
11 9 55 1650 50 (2): formation of one inhomogenous arc
12 8 60 1800 50 (3): formation of one homogenous arc
13 7 65 1950 50 (3): formation of one homogenous arc
14 6 70 2100 50 (3): formation of one homogenous arc
15 5 75 2250 50 (4): single ignition detached from SCD
16 4 80 2400 50 (4): single ignition detached from SCD
17 3 85 2550 50 (4): single ignition detached from SCD
18 2 85 2700 50 (4): single ignition detached from SCD
19 1 95 2850 50 (5): never goes off

Table 7.1 Different pulsing parameter settings used to study discharge formation for duty
cycles between 30 % and 95 %.

7.5.1 Case 5

In the regime labeled (5), it was observed that the discharge never disappears. This was

the case for a duty cycle of 95 %. Toff is only 1 ms, which is lower than the observed decay

time of 1.6 ms. Hence the discharge can be better described by being seen as periodically

disturbed continuous discharge, where the short off period of the pulsing cycle introduces

that disturbance.

7.5.2 Case 4

Another discharge pattern, described as (4), was observed for duty cycles between 75 and

90 %. Selective images of the temporal discharge development in case of an 80 % duty cycle

are shown in Figure 7.3. The discharge ignites half way between the SCD substrate and

the steady state position. It is worth noting, that the location of the discharge ignition and
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where the discharge decayed and died off are not the same. The discharge ignites below the

center of the image (see Figure 7.3, (a)), while it decays within centered to the top third of

the image (see Figure 7.2 (e)). After ignition, the discharge expands and moves towards the

steady state position. The duration to reach the steady state position and plasma dimensions

is between 10 and 12 ms depending on the specific duty cycle.

(a) 0.4ms (b) 0.8ms (c) 1.4ms

(d) 2.0ms (e) 4.0ms (f) 12.0ms

Figure 7.3 Temporal development of a discharge with Ton of 16 ms and Toff of 4 ms corre-
sponding to a 80 % duty cycle with a pulsing frequency of 50 Hz.

7.5.3 Case 3

A third pattern of discharge development, described as (3), was observed for duty cycles

between 60 and 70 %. The temporal development is shown in Figure 7.4 for a duty cycle
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of 60 %. It can be seen, that the discharge is actually igniting on the SCD substrate or in

close proximity. Initially, the discharge is not spherical. Instead it has a stretched-out shape

pointing from the SCD substrate to the steady state position. The light intensity is the

highest close to the SCD substrate and becomes dimmer moving towards the steady state

position. At the same time the discharge is spreading out with reduction of the light intensity

giving it fan-like shape. Overall, the ignition behavior appears like a microwave breakdown

forming right above the SCD substrate and reaching towards steady state discharge region.

This can be seen more profoundly in the images given for an experiment discussed later in

Section 7.6 (Figure 7.10). The shape of the ignition of the discharge matches the distribution

of the electric field in the coaxial section of the cavity without discharge as shown in Figure 7.5

[149]. Hence, the discharge ignition occurs under MPCR conditions, which match with the

electric field of the standing wave forming inside the cavity without a plasma load. The

discharge remains attached to the SCD for around 1 ms while mainly expanding towards

the sides first changing in an elliptical shape (see Figure 7.4 (c)) and finally being close to

spherical when the discharge detaches from the substrate (see Figure 7.4 (d)). After detaching

from the substrate, the discharge is floating towards and into the steady state position while

expanding in size. The steady state position is reached around 12 ms into the specific cycle.

Hence, the steady state is reached for all duty cycles with the third pattern of discharge

development.

7.5.4 Case 2

A fourth pattern of the discharge development of the pulsed discharges, described as (2), was

found for duty cycles between 35 and 55 %. The temporal development is shown in Figure 7.6

and is much more complicated in nature. On first sight, it appears that two discharges are
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(a) 0.2ms (b) 0.6ms (c) 0.8ms

(d) 1.2ms (e) 2.0ms (f) 8.0ms

Figure 7.4 Temporal development of a discharge with Ton of 12 ms and Toff of 8 ms corre-
sponding to a 60 % duty cycle with a pulsing frequency of 50 Hz.

formed. Alternatively, it can be argued, that one arc-like discharge is formed. This arc

consists of three individual discharge regions from the substrate towards the steady state

position: (i) a green discharge region forming on the SCD substrate and having a slight

fan-like opening, which develops into (ii) a thin and narrow purple region and finally (iii)

a white-purple narrow arc-region reaching into the steady state position. The coloration of

the second region (ii) indicates an excitation of hydrogen rather than methane as the purple

coloration comes from the overlap of the Hα and Hβ atomic lines. Interestingly, the location

of that region corresponds roughly to being the center of the spherical discharge ignition

observed in case (4), see Figure 7.3. The coloration of the third region on the other hand
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Figure 3.13 - Electromagnetic standing wave and surface current in the coaxial
section of the applicator.

95

Figure 7.5 Electromagnetic standing wave and surface current in the coaxial section of the
applicator. [149]

corresponds to the typical coloration of a low-pressure methane discharge. This is contrary

to the arc formation in Figure 7.4, where a uniform green color was recorded and only the

intensity fluctuated. The same fluctuation in intensity can be seen in region (i) of Figure 7.6.

Overall, the arc formed in the fourth pattern is narrower and reaches up much further towards

the steady position. Additionally, the width of the arc is an overlap of a fan-like shaped and a

straight part across discharge length, while it spread out like a fan across the entire discharge

region in the third pattern. Afterwards, the regions (i) and (iii) of the arc-like discharge are

contracting towards the purple region (ii) while the coloration of region (iii) changes from

the initially observed white-purple to the typical green of a methane discharge. The initially

straight arc is turning into a dumbbell shape (see Figure 7.6 (c)). The narrow center of that

dumbbell shaped discharge is still given by the narrow and thin purple discharge region (ii).

The discharge becomes ellipsoidal and visibly detaches from the SCD substrate 1.8 ms after
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ignition and the purple region within the plasma discharge disappears simultaneously. The

discharge starts floating up towards the steady state position and quickly becomes spherical.

However, the time of the pulsing cycle where power is provided is not sufficiently long to

reach the steady state of the discharge.

(a) 0.4ms (b) 0.8ms (c) 1.0ms

(d) 1.6ms (e) 2.4ms (f) 8.0ms

Figure 7.6 Temporal development of a discharge with Ton of 10 ms and Toff of 10 ms corre-
sponding to a 50 % duty cycle with a pulsing frequency of 50 Hz.

7.5.5 Case 1

The discharge became instable, eventually collapsed and died off when the duty cycle was

reduced to 30 % (Ton = 6 ms, Toff = 14 ms). It was not possible to sustain or reestablish the

discharge making it the fifth discharge pattern observed. It is described as case (1).
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7.5.6 The Ton-Toff space diagram

The Ton-Toff space diagram is introduced in order to map the occurrence of the individual

discharge patterns and to evaluate their existence. The x-axis contains increasing on times.

Simultaneously, the y-axis contains increasing off times. Thus, the x-axis represents c.w.

microwave discharge with an absorbed power level of 3000 W (Toff = 0) and the y-axis

represents no excitation (Ton = 0, P = 0 W). The use of Ton and Toff is in order to

reflect, that those are the two fundamental parameters within the analyzed parameter space.

Nevertheless, the dependent pulsing variables frequency, duty cycle and average power are

represented in the Ton-Toff space diagram as well. The dependencies of those variables within

the Ton-Toff space is shown in Figure 7.7. It can be clearly seen, that all three dependent

variables are changing within the Ton-Toff space. The average power and duty cycle follow

the same lines and are increasing rotational from the y- to the x-axis. This corresponds

to the fact, that the y-axisrepresents the case of no excitation and the x-axis describes the

case of c.w. excitation. At the same time, lines of equal frequency are aligned normally

on the 1500 W, 50 % duty cycle line. The frequency decreases when moving away from the

point of origin. It can be clearly seen, how complex the description of pulsed discharges is

as the variation of Ton and/or Toff has an impact on other variables, such as the average

power, as well. The Ton-Toff space diagrams containing the data points of the individual

video recordings do not include the dependent variables. Instead, those can be retrieved from

Figure 7.7 if necessary.

Overall, a total of five different discharge patterns were identified when simultaneously

changing the Ton and Toff space. They are plotted in a Ton-Toff space diagram as shown in

Figure 7.8 based on the experimental settings given in Table 7.1. The five different discharge
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Figure 7.7 The red dashed lines are illustrations of sets of (Ton, Toff) which result in the
same average power and duty cycle in increments of 300 W, 10 % duty cycle. The blue dashed
lines are representing sets of (Ton, Toff) which result in the same pulsing frequency. The
frequency is decreasing with both, Ton, and Toff.

patterns are illustrated as follows: The disturbed variation of a continuous discharge, case (5)

in black, the unsustainable discharge, case (1) in violet. Additionally, three different patterns

of pulsing cycles of periodic reignition of the discharge were found. Case (2) is illustrated in

green, case (3) in blue and case (4) in red. The regimes for the appearance of the individual

cases was estimated based on the intersection of the individual cases in the duty cycle series.

The dashed lines are representing the lower limits for the appearance of that regime. The

estimations for ignition case (2) and (3) took the point of origin and the middle between the

data points of crossover on the duty cycle diagonal line. Those lines are similar compared to

the red lines in Figure 7.7, which defined regions of the same average power in the Ton-Toff

space. Obviously, the slope of the lines in those two figures is not identical. Nevertheless,

it indicates that the average power supplied to the reactor will have an impact on which

discharge pattern is observed. Thus, it remains open if the change in the time durations
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(species activation and recombination) or the average power (i.e. reactor-wall heating) is the

driving parameter for the different regimes observed.

(1)

(5)(5)
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Figure 7.8 Ton-Toff space diagram showing the individual regimes found when varying the
duty cycle based on the experimental settings given in Table 7.1. The triangles are marking
the actual data points recorded. The dashed lines are separating the individual discharge
pattern regions based on estimation and correspond to the lower boundary, i.e. the regime is
to the right of it. The solid boxes surround regimes, which are guaranteed based on the data.
Purple represents case (1), green represents case (2), blue represents case (3), red represents
case (4) and black represents case (5). The Ton axis represents continuous wave excitation.

The purple solid box defines a region, where discharge instability is guaranteed, i.e. if Ton

is reduced even more or Toff is increased even more than for 30 % duty cycle the discharge

will remain instable. Similarly, the black box is an extension of the disturbed continuous

discharge observed for 95 % duty cycle. When Ton is increased more the same behavior will

be seen. Additionally, it is believed that the same behavior will be seen if Ton is reduced to

a point that the discharge is fully developed (12 ms). The two adjunct triangles are assumed

to be regions of discharge instability, but this will need to be verified. This is represented by

the black dashed box. It is reasonable to assume intersection between cases (3) and (4) and

(4) and (5) resulting in the dashed red line.
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7.6 Influence of the on time for a constant 10 ms off time

The pulsing analysis performed in Section 7.5 resulted in a first approximation of the Ton-Toff

space as shown in Figure 7.8. However, it is of importance to narrow the boundaries between

the four discharge patterns in the Ton-Toff space more accurate. Hence, a series of recordings

with a constant off time Toff of 10 ms is performed. The on times Ton are varied between 5

and 24 ms. The discharge is pulsed between 0 and 3000 W to compare the data points with

those from Section 7.5. A summary of the experimental settings is shown in Table 7.2. The

individual data points are represented as a horizontal line going through the Ton-Toff space

at Toff of 10 ms (see Figure 7.7). This should allow to cover and further investigate discharge

formation patterns (1), (2), (3) and (4). The off time of 10 ms is significantly higher than

in previous modeling efforts. Off times around 2 ms [201, 140] or even in the µs range [148]

were reported. The addition of more data points may result in the identification of even more

different discharge formation patterns and will provide a deeper insight of the previously

observed results.

Pulsing parameters Dependent parameters
Ton Toff duty cycle Pavg f Spatially different discharge parameters
ms ms % W Hz
5 10 33.3 1000 66.7 (6): formation of two seperated discharges
6 10 37.5 1125 62.5 (6): formation of two seperated discharges
8 10 44.4 1333 55.6 (2): formation of one inhomogenous arc
10 10 50 1500 50 (2): formation of one inhomogenous arc
15 10 60 1800 40 transition between (2) and (3)
20 10 67 2000 33 (3): formation of one homogenous arc
24 10 70.6 2118 29.4 (3): formation of one homogenous arc

Table 7.2 Different pulsing parameter settings used to study discharge formation for duty
cycles between 30 % and 95 %.

It was found that all settings of pulsing durations investigated in this section resulted

in a stable discharge formation. A surprising observation was made for Ton of 5 and 6 ms
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as shown in Figure 7.9. Two arc-like discharges are present, a green arc ignites on the SCD

substrate. Additionally, a purple arc can be seen in the vicinity of the steady state position.

The reduction of Toff compared to the data point of a 30 % duty cycle (Ton = 6 ms, Toff =

14 ms) moved the conditions in the Ton-Toff space down enough to be in a stable and new

discharge regime. As the discharge develops the two discharges are moving towards each other

until the finally form into one spherical discharge 1.8 ms after ignition. The discharge detaches

from the SCD substrate at the same time. The purple discharge changes its appearance and

into a green discharge with a narrow and thin purple layer, much in analogy to the discharge

seen in Figure 7.6. One could speculate, that the discharge observed in Figure 7.6 initially

consisted out of two discharges as well, which merged together, but at a much higher rate, so

that the camera cannot record this fast enough and it appears that only one inhomogeneous

discharge occurred.

The formation of the discharge by increasing Ton further followed the trend as suspected.

The discharge formation for Ton of 8 ms was exactly the same as the observation made for

duty cycles between 35 and 55 % in Section 7.5 (discharge pattern (2), see Figure 7.6), i.e.

an inhomogeneous arc-like discharge with the three different regions forms, develops into a

dumbbell-shaped discharge and finally detaches from the SCD substrate as green spherical

discharge. This observation follows the approximation of the different discharge regions within

the Ton-Toff space, as shown in Figure 7.8. Note that Ton of 10 ms represents the data point

of a 50 % duty cycle. Analogously, the discharge formation for Ton of 20 and 24 ms was found

to be exactly that of duty cycles between 60 and 70 %, i.e. one green arc-like discharge forms

on the SCD substrate, detaches and floats to its steady state position (discharge pattern (3),

see Figure 7.4).

Figure 7.10 shows a comparison of the discharge 400 µs after the ignition for increasing
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(a) 0.8ms (b) 1.0ms (c) 1.2ms

(d) 1.6ms (e) 1.8ms (f) 2.0ms

Figure 7.9 Temporal development of two discharges merging into once created with Ton
of 5 ms and Toff of 10 ms corresponding to a 33.3 % duty cycle with a pulsing frequency of
66.7 Hz.

Ton of this data series. The images appear like a temporal development themselves, but are

all taken at the same time within the individual discharge development cycle. Especially

the development of the thin and narrow purple region seems to follow that trend and moves

down with increasing Ton. One could speculate that there is only one fundamental temporal

development for the formation of the pulsed discharge given by the case when Ton and Toff

will result in a discharge, which is only marginally stable. Now, when changing Ton and Toff,

the conditions inside the reactor are changing and are comparable to a time further into

the development of that fundamental formation pattern. This would result in the periodic
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discharge ignition with that exact pattern within the fundamental cycle and could explain,

why several different ignition patterns were observed in this study. However, more research

will be required in order to either verify this speculation or to provide a different explanation.

(a) 5ms (b) 8ms (c) 10ms

(d) 15ms (e) 20ms (f) 24ms

Figure 7.10 Discharge ignition for pulsing under a constant off time Toff of 10 ms and on
times Ton increasing from 5 to 24 ms. The individual images are showing the second image of
the formation of each individual discharge. The second image corresponds to a time duration
of 400 µs after discharge ignition.

A really interesting observation was made for Ton of 15 ms. The green arc-like discharge

on the SCD substrate becomes dominant, as seen in Figure 7.10, but a faint of purple is still

noticeable on the top right of the discharge making the discharge merely inhomogeneous. This

purple disappears for higher Ton. Thus, Ton of 15 ms defines the crossover between discharge

pattern (2) and discharge pattern (3) in the Ton-Toff space. This data point can be adapted
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for an extrapolation to the data points recorded for the duty cycle series in Section 7.5.

Figure 7.11 shows the Ton-Toff space diagram introduced in Figure 7.8 including the

updated data points from the Ton series from this section. Thoey are represented by inverse

triangles. The newly found discharge pattern, case (6), where two separated discharges are

forming is illustrated by orange. The special case, which was characterized as the boundary

between case (2) and (3) is plotted in cyan. The assumed regions of each of the discharge

patterns illustrated by the dashed lines was updated. The presence of the newly found case

(6) was acknowledged for low Ton times. Hence, the lower limit for case (2) was adjusted by

using the intersects (Ton = 5.5 ms and Toff = 10 ms) and the intersect from Section 7.5 (Ton

= 6.5 ms and Toff = 13.5 ms). Additionally, the boundary between (2) and (3) was adjusted

using the newly found boundary point (Ton = 15 ms and Toff = 10 ms) and the intersect

from Section 7.5. As a result, (3) does not intersect with the point of origin anymore. The

data points with Ton of 20 and 24 ms revealed, that the discharge is still igniting on the SCD

surface. Hence, the region (4) for ignition detached from the SCD is assumed to be limited

to low Toff times.

Comparing the development of the individual discharges 4.0 ms after the ignition of the

individual discharges for increasing Ton is shown in Figure 7.12. It can be seen that the

development of the discharge lags more and more behind the smaller Ton. The comparison

for increasing Ton in Figure 7.12 appears like a temporal development of one discharge again,

analogous to the observation in Figure 7.10. This illustrates, that the experimentally observed

expansion of pulsed microwave discharges is highly dynamic. The expansion phase of the

discharge has a significant effect on the formation of ionized species, especially [CH3] [140].

Specifically, Brinza et al. [140] show in their Figure 6 the exact same numerically obtained

temporal development of [H] and [CH3] for discharges with Ton of 8, 11 and 15 ms. Toff in
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Figure 7.11 Updated Ton-Toff space diagram containing the data points from Figure 7.8 and
the data points of the Ton series shown as inverse triangles. The newly found regime (6),
where two discharges are forming is illustrated in orange. The data point representing the
boundary between (2) and (3) is shown in cyan. The discharge regimes have been updated
according to the new data.

their numerical model was lower with 2 ms. The closest data point this study contains is that

of the 90 % duty cycle in Section 7.5 (Ton = 18 ms and Toff = 2 ms), a data point where the

discharge actually ignited in a completely different location inside the reactor. Thus, it is

plausible to assume, that the temporal development of the active species is dependent from

Ton and Toff and will actually fluctuate by a decent amount. This means, that the current

numerical description and understanding of the discharge ignition phase is too simplistic.

Hence, it is of importance to gain a better understanding of the actual processes happening,

but the adjustment of the numerical description by using more advanced dynamic models will

be required to fully understand the pulsed discharge. Doing so is of significant importance in

order to optimize the MPACVD SCD growth process utilizing pulsed microwave discharges.
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(a) 5ms (b) 8ms (c) 10ms

(d) 15ms (e) 20ms (f) 24ms

Figure 7.12 Discharge expansion for pulsing under a constant off time Toff of 10 ms and
on times Ton increasing from 5 to 24 ms. The individual images are showing the twentieth
image of the formation of each individual discharge. The second image corresponds to a time
duration of 4 ms after discharge ignition.

7.7 Influence of the pulsing frequency

The influence of the pulsing frequency on the discharge formation was evaluated as well.

Frequencies were between 50 and 500 Hz as Ton and Toff were restricted to 50 % duty cycles.

The selection of frequencies is limited due to the microwave power supply. A summary of the

recorded data points is shown in Table 7.3. Variation of the pulsing frequency is interesting

as this set of data is studying pulsed discharges with significantly higher frequencies than

those in Section 7.5 and Section 7.6, which corresponds to significantly lower Ton and Toff

190



times. The data points in this series are located on the dashed line in Figure 7.7 representing

the duty cycle of 50 %.

Pulsing parameters Dependent parameters
Ton Toff duty cycle Pavg f
ms ms % W Hz
1 1 50 1500 500
2 2 50 1500 250
3 3 50 1500 166.7
4 4 50 1500 125
5 5 50 1500 100
6 6 50 1500 83.3
7 7 50 1500 71.4
8 8 50 1500 62.5
9 9 50 1500 55.6
10 10 50 1500 00

Table 7.3 Different pulsing parameter settings used to study the effect of the discharge
formation when changing the pulsing frequency between 50 and 500 Hz.

The frame of discharge ignition for the analyzed frequency spectra is shown in Figure 7.13.

It needs to be mentioned, that the video recordings were from a previous session. It appears

that the tripod setup had a slightly smaller angle and focused on the steady state position

instead of onto the SCD substrate. That is the reason why the recorded videos and images

appear different, i.e. only a single homogeneous discharge is visible at 50 Hz. When analyzing

the same pulsing parameters with an adjusted camera setup it was possible to record the color

variation inside the arc-like discharge, see Figure 7.6. Thus, it is not possible to differentiate

the ignition behaviors of cases (2), (3) and (6). All of them would appear the same. It is still

possible to separate if the discharge is igniting on the SCD substrate or separated from it. It

was found, as shown in Figure 7.13, that the discharge is igniting on the SCD substrate for

low pressures in an arc-like discharge and then expanding as in Figure 7.6. When increasing

the frequency (moving from the 50 % duty cycle point in Ton-Toff space to the point of

origin) the arc is still forming on the SCD substrate, but has a fan shape and the opening
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angle increases with pulsing frequency. The ignition pattern changes for 166.7 Hz, where

the discharge becomes elliptical and starts to detach from the SCD substrate. Hence the

data point at 166.7 Hz may be seen as another boundary point. The discharge for pulsing

frequencies of 250 and 500 Hz ignites away from the SCD surface, similar to ignition case (4)

in Section 7.5.

(a) 50Hz (b) 83.3Hz (c) 125Hz

(d) 166.7Hz (e) 250Hz (f) 500Hz

Figure 7.13 First frame (200 µs) of the igniting discharge for pulsed MW discharges between
50 and 500 Hz.

Figure 7.14 shows the updated Ton-Toff space diagram including the data points of the

pulsing frequency series. The added data is represented by triangles pointing to the right.

The high frequency discharges, which showed discharge ignition detached from the substrate

are represented by red triangles. The observations for lower frequencies are plotted with sky
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blue triangles as those were indistinguishable between cases (2), (3) and (6). Overall it can be

seen, that the addition of this new set of data is complicating the definition of the regions of

existence for the individual cases in Ton-Toff space. The data points up to 125 Hz are within

prediction for cases (2) and (6) given by Figure 7.11. However, the high frequency ignition

videos showed a clear detachment from the SCD substrate (case (4)). Thus, the previously

observed region of (4) extends to significantly lower Ton times and potentially all the way

to the point of origin in Ton-Toff space. It appears that 166.7 Hz (Ton = 3 ms and Toff =

3 ms) is approximately defining a boundary point between ignition on the SCD substrate

and detached from it. The interesting observation here is, that the results presented in this

section and for high duty cycles in Section 7.5 have significantly different Ton, but Toff is

in the same range. As previously discussed, the occurrence for discharge ignition separated

from the SCD substrate is appears to be largely independent from Ton and only related to

Toff times, which are short enough to ensure that a sufficient amount of ionized species is

still available upon reignition of the discharge.

Another observation was, that the maximum discharge intensity before the plasma decayed

and turned off was significantly lower for the higher frequencies of 166.7 Hz and above. The

individual pulsing durations were becoming so short, that the plasma barely expanded, i.e.

Ton for 500 Hz is only 1.0 ms, while it was shown in Section 7.5, that 12 ms and more are

needed to fully expand and utilize the plasma. This is consistent with the fact, that a

periodic pulsing was observed for 500 Hz, while Toff is only 1.0 ms as well. Overall, the

plasma discharge is much dimmer and corresponds to a continuous discharge with a much

smaller overall power level compared to the case of 3000 W.

The effect of this phenomenon was verified when recording the SCD substrate temperature

as a function of the pulsing frequency. The substrate temperature was using a IRCON
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Figure 7.14 Updated Ton-Toff space diagram containing the data points from Figure 7.8
and Figure 7.11 as well as the data points of the pulsing frequency series shown as triangles
pointing to the right. The discharge regimes have been updated according to the new data.

Ultimax one-color infrared pyrometer. The emissivity was set to 0.6. the average power was

1500 W for all pulsed settings. Additionally, the substrate temperature was measured and

compared to a 1500 W continuous discharge. The results are shown in Figure 7.15. It can be

seen that the substrate temperature increases between 30 and 60 ◦C for all pulsing frequencies

compared to a continuous discharge. However, a significant frequency dependency was found.

The SCD substrate temperatures are the highest and stable for frequencies between 50 and

125 Hz. However, a linear decrease of the substrate temperature can be seen when increasing

the frequency up to 500 Hz.

One logical explanation is, that the reactor geometry used was optimized under c.w.

excitation. Hence, when pulsing at low frequencies the coupling efficiency remains high and

the power provided can be efficiently coupled to the plasma even with a pulsed discharge. It

appears, that this is not the case for higher pulsing frequencies. Instead the power provided is

not utilized by the discharge. As a result, the discharge appears dim and the SCD substrate
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Figure 7.15 SCD substrate temperature as a function of the pulsing frequency.

temperature is lower. It seems likely, that a significant amount of power is absorbed by the

reactor walls instead of the discharge region under those high excitation frequencies. Overall,

it can be summarized that low pulsing frequencies, which allow a certain time period of c.w.

operation seems more efficient and therefore more favorable over high frequency pulsing. This

can be achieved especially for pulsing frequencies below 100 Hz. This is in accordance with

the numerical data from Brinza et al. [140].

7.8 Summary

Video recording of the pulsed microwave discharges at a pressure of 300 Torr and 5 % methane

conditions were recorded utilizing a MPCR (Reactor B). Those are typical operation conditions

for MPACVD of SCD. The absorbed power Pabs in continuous wave excitation is replaced by

a set of four variables when using a pulsed microwave discharge; the power levels and time

durations of the high and low cycle of the square wave pulse. It was shown, that the periodic
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cycle of pulsed microwave discharges consists of discharge ignition, discharge expansion,

steady state discharge behavior during the on stage of the pulse Ton, discharge decay and

a time duration, where the visible discharge vanished during the off stage of the pulse Toff.

Thereby it was found, that the decay of the pulsed discharge, when the supplied power is

cut off, decays within close to 2 ms, which is constituent with the numerical calculations by

Brinza et al. [140].

Overall, six different patterns of discharge ignition behavior were found. Two special

cases were found, which do not follow the pattern of periodic discharge reignition. Those

two are found as: (1) instability, which results in the discharge to go off without possibility

of reignition and (5) a pseudo-continuous discharge, which gets periodically disturbed by

the off cycle, but never goes off. Additionally, four different patterns of periodic discharge

development were found: (2) ignition of a single arc-like discharge between the SCD substrate

and the steady state discharge position, which contains three different regions; (3) ignition

of a single homogeneous arc-like discharge on the SCD substrate; (4) ignition of a spherical

discharge detached from the substrate and (6) ignition of two separated arc discharges, one

on SCD substrate and one in the steady state discharge region. Additionally, it was observed

that the area of discharge ignition was different from where the discharge vanished.

The discharge expansion behavior was highly dynamic for ignition patterns (2) and (6),

i.e. the inhomogeneous arc-like discharge turned into a dumbbell-shape with a localized area

of a purple hydrogen discharge before detaching from the SCD and evolving into a uniform

spherical discharge. The two discharges observed in (6) would merge into one discharge and

detach from the SCD substrate at the same time. And even the discharge development for

(3) showed some level of dynamic behavior as the initial arc-like discharge became spherical

when detaching from the SCD substrate and floating towards its steady state position.
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A diagram of the Ton-Toff space was used to plot and compare the individual discharge

ignition and expansion behaviors recorded for the variation of the duty cycle, Ton with a

constant Toff and the pulsing frequency. Unfortunately, the series recorded for the pulsing

frequencies had a slightly different video setup, which did not allow to separate between

discharge ignition cases (2), (3) and (6). The individual data points were added to the

Ton-Toff space diagram and regions within the Ton-Toff space were approximated, where

each of the individual discharge patterns will occur. Those regions were indicated by dashed

lines and a color code. The initial approximation was updated twice using and the final

diagram was shown in Figure 7.14. Additionally, two definitive areas have been defined,

where the special cases (1) and (5) will occur. While this diagram will serve as a good start

for approximating which pulsing behavior can be expected based on a given Ton and Toff it

is crucial to expend the map and to probe the remaining combinations in order to have a full

mapping based on data instead of having to approximate some of the regions. Unfortunately,

there is a total of 576 combinations of given Ton and Toff and even when the number can be

reduced below 450 due to several instable combinations it will take a lot of effort to analyze

all the data available. The final step would be to expand the two-dimensional map by probing

different power levels, but this would increase the number of combinations to analyze into

the tens of thousands.

It was found that speed of the temporal development of the pulsed microwave discharge

was dependent on Ton and Toff, i.e. discharges, which ignited as described by (4) expanded

and reached its steady state position faster than discharges, which ignited under conditions as

described by (2) or (6). One possible explanation was, that the different ignition patterns all

represent selections out of one fundamental ignition behavior and the starting point within

this sequence depends on the pulsing variables.
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The use of pulsed microwave discharges increased the SCD substrate temperature compared

to continuous wave excitation with the same absorbed power. Low pulsing frequencies (50

– 125 Hz) resulted in a higher increase of the SCD substrate temperatures for the higher

frequency discharges (166.7 – 500 Hz).

It was shown, that the microwave discharge ignition detached from the SCD substrate

happens, if a sufficient amount of activated species is still available in the discharge region.

This is achieved by utilizing pulsing parameters with sufficiently low Toff so that not enough

recombination occurs during the off stage.

Overall, it was demonstrated that the ignition and formation of pulsed microwave dis-

charges is a highly dynamic and complicated process, which has not been properly described

in the past. Gicquel et al. [139] suggested, that the ignition of the discharge contains some

dynamical behavior, before being properly described by stationary 1D-axial and stationary

numerical descriptions. However, the experimental data here shows great differences de-

pendent on the external pulsing parameters, which have significant impact on ignition and

the temporal development of the discharge, i.e. it was shown that the speed of which the

discharge is developing different depending on pulsing parameters, such as Ton. This is in

clear contradiction to previous numerical calculations performed by Brinza et al. [140], which

predicted exactly the same temporal development for discharges pulsed with Ton between 8

and 15 ms.

The experimental results presented here shows the urgency of performing more systematic

studies on the development of pulsed discharges in order to identify all possible dynamical

patterns, but also raises the importance on the development of more sophisticated numerical

models in order to describe the experimentally observed phenomena. The availability of

accurate numerical models will be of great benefit to select the optimal pulsing parameters
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when adapting pulsed microwave discharges for MPACVD of SCD in order to maximize the

growth rate and crystalline quality.
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Chapter 8

Methods to further increase the growth

rate - exploratory data and preliminary

results

8.1 Introduction

The effects on MPACVD growth of diamond by increasing the operating pressure (see

Section 6.3.2) and the methane concentration (see Section 6.3.3.1) have been studied in

detail in this dissertation. The results of the experiments, which were presented in Chapter 6

and Chapter 7, suggested that additional approaches can be utilized to further improve the

growth rates for SCD deposition. These include the utilization of the pulsable power supply

to grow SCD using a pulsed microwave discharge. The past research work, that has been

reported by others (see Section 2.9) suggests, that SCD growth rates can be significantly

enhanced under otherwise unchanged conditions without a reduction of crystalline quality of

the grown material [144, 148].

Another approach is to retune the reactor configuration. Spefically, by varying the short
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position Ls and the position of the substrate inside the reactor, i.e. by varying L1 and L2.

This can move the discharge to a position optimized for diamond growth. If done properly,

the discharge can pull down to the substrate, thereby reducing the boundary layer between

the discharge and the substrate. This can significantly increase the growth rate without

increasing the input power. Additionally, this would allow to increase the operational pressure

even further. As suggested in Chapter 6, a slight change in the reactor geometry would

move the plasma closer to the substrate. The potential use of this approach was identified in

Section 6.2.3 and Section 6.3.2.1.

This chapter contains a few preliminary experimental runs that indiciate the potential of

further enhancing the growth rate by using these two approaches. Thus, the data presented

here is only of an exploratory nature and is presented here only to prove the potential viability

of those two approaches. It is not an in-depth study of those approaches and does not attemp

to optimize those approaches either. This is specifically illustrated in Section 8.3. Instead of

retuning all variables of the reactor geometry only the short position Ls was changed. As

a result, this forces the plasma discharge onto the substrate holder during high pressure

operational condition, which was sufficient to suggest a proof of concept study. Unfortunately,

this made it impossible to properly measure the substrate temperature throughout the

deposition experiments. Hence, the realization was simplistic and had minor flaws. An actual

implementation would require a more sophisticated approach, such as varying reactors’ length

Ls, Lp, L1 and L2, as indicated by Nad et al. [57] under lower pressure growth conditions. It

was indicated at lower pressure, that one could reposition the discharge, while still achieving

a well-matched reactor, if one had several degrees of freedom, such as Ls, Lp, L1 and L2.

The growth rates presented here will most likely be improved even more future process

optimization investigations. Additionally, it seems worth mentioning that both approaches
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should be investigated simultaneously as both positive effects on the growth rate can be used

in conjugation to maximize the potential positive effects on the SCD growth rate.

8.2 SCD growth under pulsed excitation

A comparison of pulsed versus continuous microwave excitation for SCD deposition was

performed at 300 Torr and 5 % CH4 without the addition of nitrogen for a total of 50 h.

Pulsing was done utilizing the pulsing capability of the new microwave power supply and

the power levels were pulsed between Pon = 3000 W and Poff = 0 W. The pulsing durations

were ton = 14 ms and toff = 6 ms. Hence, the resulting pulsing frequency was 50 Hz, the duty

cycle was 70 % and the resulting average power Pavg was 2100 W. The substrate temperature

increased from 880 to 920 ◦C over the course of the deposition process. This temperature

increased was caused because the average pulsed power input was held constant during

deposition. At the same time, the diamond was growing vertically towards the plasma. This

results in a variable and increasing substrate temperature with increasing growth time [67].

Nevertheless, the substrate temperature range was comparable to the experiment which

used continuous microwave excitation. The substrate temperature was between 890 and

910 ◦C for this experiments. 2700 W of absorbed power were used to sustain the substrate

temperature. All other process parameters were the same as for the pulsed experiment. Thus,

it was possible to reduce the average power consumption by 23 % under otherwise similar

growth conditions by utilizing a pulsed microwave discharge. This is in accordance with the

observations in Section 7.7, where pulsing increased the substrate temperature for the same

average power level.

The growth rate of the SCD grown under pulsed condition was 33.9 µm h−1 for a total
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grown thickness of 1.7 mm compared to 19.6 µm h−1 for the SCD grown under c.w. excitation

(see Section 6.3.2.1). This means, that a 73.4 % increase in growth rate was achieved by

utilizing a pulsed discharge. This increase in growth rate is higher compared to other reports

in literature, who were using pulsed discharges in the same frequency range [140, 144, 146].

Figure 8.1 shows a comparison of the film morphology of the SCDs grown under pulsed

(a) and c.w. (b) conditions. The overall crystalline quality of the SCD grown under pulsed

deposition looks visually okay, but it can be seen, that the morphology is not as smooth

as for the SCD grown under c.w. conditions. Instead, the formation of several overlapping

terraces is seen. Hence, the overall morphology is not as good for the SCD grown under

pulsed conditions. However, the thickness difference of the CVD-grown diamond, due to the

formation of terraces, is less than 20 µm.

(a) pulsed (b) c.w.

Figure 8.1 Top surface of grown SCD films grown at 300 Torr, 5 % methane under continuous
and pulsed microwave excitation.

Figure 8.2 compares the birefringence images of the freestanding SCD plates grown under

pulsed (a) and c.w. (b) conditions. It can be seen, that the pulsed SCD plate has a significant

amount of internal stress all across the plate, while the c.w. plate is virtually stress free. The
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actual amount of stress in the pulsed plate is even higher than assumed based on Figure 8.2

as the exposure time had to be reduced to 500 ms due to oversaturation of the image recorded

at 2000 ms.

(a) pulsed, 50Hz, 70% duty cycle

(b) c.w.

Figure 8.2 Through (left) and birefringence (right) images of the freestanding SCD plates
from Figure 8.1 using continuous and pulsed microwave excitation.

The SCD plate grown under pulsed conditions incorporated significantly more nitrogen

under otherwise identical conditions. This can be visualized in Figure 8.3, which shows

optical photographs of the freestanding SCD plates grown under pulsed conditions and a high

quality CVD plates containing less than 100 ppb nitrogen, which was grown under comparable

conditions. While the SCD plate grown under continuous excitation appears almost colorless,

the SCD plate obtained from the pulsed experiment has a clear brown coloration, which

can be attributed to a significantly higher amount of nitrogen being incorporated into the
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diamond.

(a) pulsed (b) c.w.

Figure 8.3 Photograph of freestanding SCD plates grown under pulsed and c.w. microwave
excitation. The thickness of the SCD plate grown under pulsed conditions is 1.5 mm and is
1.1 mm for c.w. excitation.

Overall, a significant increase of the growth rate of over 70 % was observed, while simulta-

neously reducing the power consumption by over 23 %. These observations are in accordance

with previous observations by Tallaire et al. [144]. Unfortunately, the preliminary data shows

that the crystalline quality of the grown SCD is low, i.e. it is reasonable to assume, that a

significant amount of internal stress and nitrogen were incorporated into the grown SCD. A

future in-depth study to optimize the growth conditions will be required in order to utilize the

growth rate enhancement while retaining a high crystalline quality, that has been reported

elsewhere [144].
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8.3 Reactor detuning to force the plasma onto the sub-

strate holder

A simplistic realization of retuning the reactor was applied, where only Ls was changed.

Verification, that the position of the plasma discharge changed as desired was achieved by

visual inspection of the discharge. Changing the short position from 21.4 cm to 21.55 cm

was sufficient to force the plasma discharge onto the holder. The detuning resulted in the

appearance of 41 to 54 W of reflected power. Unfortunately, by moving the plasma onto the

holder it was impossible to focus the temperature readout on the substrate without probing

through the discharge. Hence, it was either impossible to get a proper temperature readout at

all or the measured values were not comparable to the previous temperature measurements.

Hence, the growth rates reported here may be impacted by different substrate temperatures,

which are not accounted for in this discussion, i.e. similar temperatures are assumed in the

discussion. Lu et al. [31] showed a rather strong influence of the growth rate when changing

the substrate temperature.

SCD deposition was carried out at 300 and 400 Torr for 20 hours each using the detuned

plasma position. The methane concentration was 5 %. Hence the resulting growth rates

can be compared to the data presented in Section 6.3.2.1 and Section 8.2. The comparison

of the growth rate is shown in Figure 8.4. The green boxes represent the growth rates of

the detuned position, while the black boxes represent the tuned position. All of these data

points were obtained using a c.w. microwave excitation. Additionally, the data point for

SCD growth using pulsed microwave excitation, discussed in Section 8.2, is represented by

the red box. The growth rate for the detuned plasma position was approximately doubled as

compared to the previously studied plasma position. For example, the growth rate increased

206



from 19.6 µm h−1 to 39 - 42 µm h−1 for 300 Torr and from 27 - 28 µm h−1 to 47 - 50 µm h−1

for 400 Torr. The increase in growth rate is even higher than when a pulsed discharge is used

(33.9 µm h−1 at 300 Torr). These experiments indicate the potential to significantly increase

the growth rates beyond those given in Chapter 6 while still growing high quality SCD.

Tuned CW discharge position
Detuned CW discharge position
Tuned pulsed discharge position
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Figure 8.4 Comparison of the the growth rate as function of the pressure for tuned and
detuned CW and pulsed reactor operation

Figure 8.5 and Figure 8.6 show optical photographs of two CVD-grown SCD films on (i) a

small (3.5 mm× 3.5 mm) and (ii) a large (7.0 mm× 7.0 mm) HPHT seed crystal. Deposition

times were 24 h each. The growth rate for the large HPHT seed crystal, grown at 300 Torr

was 42 µm h−1 and the growth rate for the small HPHT seed crystal, grown at 400 Torr, was

47 µm h−1. Hence, the overall thickness of the CVD-grown SCD films were 1.0 and 1.14 mm.

The grown films, as shown in Figure 8.5 and Figure 8.6 were not removed from the seed

crystals. Visual inspection however shows a very good, flat and uniform film morphology.

Outgrowing of the SCD surface area was first observed for both substrates. This was achieved

by using the optimized holder designs discussed in Section 3.1.4. Figure 8.5 (a) shows, that

some of the jagged edge SCD material on the right started to turn into PCD. This may be
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attributed to the fact, that the right side grew out of the pocket due to the high growth rate

of over 50 µm h−1 resulting in a total growth of over 1 mm. Both seeds with the grown SCD

on top appear yellow, see Figure 8.5 and Figure 8.6, the initial color of the HPHT seeds.

Based on visual inspection, it can be assumed, that the grown SCD will be of good quality,

almost colorless, once being processed into freestanding SCD plates. Thus, the nitrogen

incorporation is significantly lower than for the SCD grown under pulsed conditions, see

Figure 8.3, and can be assumed to be in the sub-ppm level.

(a) Top view (b) Side view

Figure 8.5 Top and siew view of a SCD film grown on a 3.5 mm× 3.5 mm HPHT seed under
detuned discharge conditions.

8.4 Summary

The use of a pulsed microwave discharge and purposeful detuning of the reactor cavity were

preliminarily evaluated for its usefulness in increasing the SCD growth rate in support of

increasing the process pressure.

The use of a discharge, which was pulsed between 0 and 3000 W at 50 Hz and a 70 % duty

cycle led to an SCD growth rate of 34 µm h−1. This corresponded to a 73.4 % increase in

208



(a) Top view (b) Side view

Figure 8.6 Top and siew view of a SCD film grown on a 7.0 mm× 7.0 mm HPHT seed under
detuned discharge conditions.

growth rate compared to SCD growth under c.w. excitation and otherwise similar process

conditions. Additionally, the average power consumption was reduced by 23 %. However, the

quality of the film morphology was not as good as for the optimized c.w. growth process.

Additionally, it was found, that significant amounts of nitrogen were incorporated and that the

CVD-grown SCD contained internal stress. It remains to be seen, if the degraded crystalline

quality can be improved to a level of the c.w. growth process as it has been reported for

lower process pressures [144].

A second approach was by purposefully retuning the reactor in order to move the discharge

region closer to the SCD substrate. This would reduce the boundary layer between the

discharge and the holder which then allows for an increased flux of ionized species to increase

the growth rate. The cavity length was changed from 21.4 to 21.55 cm. The detuning resulted

in a visible attachment of the discharge onto the holder. The appearance of 41 to 54 W

of reflected power illustrate, that the reactor was not operated in electromagnetically well

matched conditions. It was found, that the growth rate under otherwise unchanged conditions

more than doubled to 39 - 42 µm h−1 at a process pressure of 300 Torr and increased over
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80 % to 47 - 50 µm h−1 for 400 Torr. Optical inspection of the grown SCD material indicates

high crystalline quality.

The experiments were not optimized for achieving a maximum effect. Further research

on the optimization of the approaches will be needed. However, these two approaches offer

the opportunity to increase the growth rate along increases when increasing the process

pressure. Thus, in-depth studies to optimize the growth conditions and to understand

certain phenomena, i.e. the reduction of crystalline quality when using the pulsed microwave

discharge, will be required and are encouraged.

8.5 Experimental data of the SCD growth processes

This final section serves as a summary of all SCD growth runs, which were performed in this

dissertation. Table 8.1 contains an overview of the experimental conditions as well as growth

rates, wich were used for the discussions in the previous sections. The following variables

were constant throughout all experiments and hence not included in the table: hydrogen

flow at 400 sccm, cooling stage water flow at 2.05 gallons per minute, as well as the reactor

variables Lp = 3.6 cm and Zs = −4 mm.

The experimental data is separated into four different groups: (1) pressure series (see

Section 6.3.2.1), (2) methane concentration series (see Section 6.3.3.1), (3) pulsed SCD growth

(see Section 8.2) and (4) detuning (see Section 8.3).

The power reported inTable 8.1 for the pulsed experiment, marked as *, represents the

average power. Pulsing of the discharge was done with Pon = 3000 W, Poff = 0 W, Ton =

14 ms and Toff = 6 ms.
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Series Pres. Time Pabs Pref CH4 Ls Ts dep. rate growth
Torr h W W % cm ◦C µm h−1 µm

1 180 20 2795-2850 0 5 21.4 850 - 870 9.33 194.0
1 240 20 2700 0 5 21.4 880 - 895 16.22 300.7

1 - 4 300 20 2700 0 5 21.4 890 - 905 19.56 389.8
1 340 20 2400-2550 0 5 21.4 895 - 915 25.49 509.8
1 380 20 2700 0 5 21.4 885 - 905 28.09 550.6
1 400 20 2250-2400 0 5 21.4 900 - 910 27.19 526.3
2 300 20 2100-2400 0 6 21.4 885 - 910 20.83 413.9
2 300 20 2180 0 7 21.4 895 - 915 22.42 445.0
2 300 20 2100 0 8 21.4 895 - 905 26.57 531.3
2 300 20 2020-2100 0 9 21.4 890 - 910 27.14 533.5
1 300 50 2100* 0 5 21.4 880 - 920 33.91 1698.0
4 300 24 2850 41 5 21.55 880 - 905 42.44 1033.5
4 300 30 2100-2250 54 5 21.55 875 - 910 39.19 1187.3
4 300 30 2100 41 5 21.55 890 - 925 39.61 1198.8
4 400 22.5 2400-2550 41 5 21.55 905 - 920 50.64 1135.0
4 400 24 2400-2550 54 5 21.55 905 - 910 47.37 1144.4

Table 8.1 Overview of the experimental conditions of the SCD growth experiments presented
in Chapter 6 and Chapter 8.
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Chapter 9

Summary, accomplishments and outlook

9.1 Summary and accomplishments

This dissertation addresses several crucial tasks for the technological advancement to 2 inch

SCD wafers and their economic manufacturing. The major accomplishments are summarized

below in the following subsections. In-depth summaries of the individual tasks can be found

in the summary of each corresponding chapter.

9.1.1 SCD processing

Overall, it was shown that a cutting laser is a good tool for SCD shaping and SCD plate

engineering. In particular, when operated under proper conditions the laser can leave the

bulk material unchanged. It was also shown however, that laser cutting is not sufficient for

large area SCD wafer slicing. This is attributed to the amount of material loss cause by the

triangularly wedged cutting profile. This loss increases with wafer dimensions. It was shown

when using conventional SCD growth technologies that PCD formation on the outer SCD

edges grows into the top SCD surface. This reduces the SCD top surface area throughout

the vertical growth process cycle. Hence, it is necessary to remove any PCD material by
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laser cutting in between individual deposition runs. A detailed summary of Chapter 4 can be

found in Section 4.6. The major accomplishments are summarized below.

• A three stage process for separation of CVD-grown SCD from a seed crystal was

introduced and analyzed. The procedure included (1) separation of the grown material

from the seed using laser cutting, (2) mechanical polishing of the laser cut surface and

(3) laser-based edge trimming to remove overgrown diamond.

• Laser cutting was an efficient tool for shaping of SCD, which does not alter the material

properties, if proper settings of the cutting laser were used.

• PCD formation on the outer SCD edges will grow into the top SCD surface and reduce

the SCD surface area available. Thus it is critical to to remove any existing PCD

material in between the SCD deposition steps and further to optimize growth conditions

in order to surpress the formation of PCD material altogether.

• Fabrication of SCD plates requires mechanical polishing in order to remove non-carbon

species and subsurface damage introduced by the cutting procedure.

• Material losses for SCD wafer separation were found to scale linear with the wafer

dimensions. Losses for a 10 mm× 10 mm SCD wafer were found to be 500 µm. For a 2

inch wafer this would scale to about 2.5 mm of material loss. Hence, laser cutting is not

a sufficient method for the economic separation of large MPACVD grown SCD wafers.

9.1.2 Loss-free separation of grown SCD wafers

Ion implantation based Lift-Off has been proven to be a loss-free SCD slicing technique for

dimensions up to several inches. The research performed in this dissertation demonstrates
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the successful Lift-Off of SCD plates using protons, carbon, and oxygen ions. It was shown

that electrochemical etching is the only viable approach for the removal of the graphite,

which was created by ion implantation. Thermal oxidation separation was diffusion limited

for SCD wafers larger than 2 mm× 2 mm, and had a chance of oxidizing the SCD material,

especially in the areas surrounding any crystalline defects. A detailed summary of the results

from Chapter 5 can be found in Section 5.8. The major accomplishments of this activity are

summarized below.

• A process to bombard SCD wafers with ions in the MeV energy range was established

to locally destroy the crystalline structure in a narrow subsurface region.

• The use of carbon and oxygen ions is favorable over protons because significantly

reduced doses are required.

• The destroyed region forms into nano-crystalline graphite during MPACVD deposition

if a sufficient amount of damage was introduced.

• Both, electrochemical etching and thermal oxidation are successful in removeing the

graphite.

• Lift-Off of SCD wafers was successfully demonstrated.

• Thermal oxidation can etch the SCD wafer, preferentially nearby crystalline defects.

• Electrochemical etching is the only scalable approach for the graphite removal because

the process is not diffusion limited.

• Lift-Off is a scalable SCD wafer separation technique with virtually no losses.
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9.1.3 Extending the reactor operation up to 400 Torr

The existing MCPR deposition system was improved by adding a stable power supply,

which also allowed pulsed operation. This allowed the increase of the operating pressure

for MPACVD up to 400 Torr. The reactor behavior in this new regime was quantitatively

and qualitatively explored and measured. In particular, the plasma volume and absorbed

power density were recorded and the operational field map of the reactor performance in

this high pressure regime was established. It was found that the newly investigated pressure

regime (300 to 400 Torr) behaves different when compared to lower pressure regimes. It

was found that the absorbed discharge power density increases more rapidly as pressure

was increased than at the lower pressure operation. At high pressures, 380 Torr and above,

higher absorbed input power levels were necessary in order to to maintain a discharge in

close contact with the SCD seed in order to establish substrate temperatures suitable for

SCD deposition. This was attributed to the fact, that the plasma dimensions shrink with

increasing pressure. Hence, when the pressure is increased, the discharge pulls away and

separates from the SCD substrate and holder. Thus, operation at higher absorbed power

would be necessary in order to compensate for this phenomena. An alternative method of

compensation is by retuning the reactor variables so that the plasma discharge is pulled down

to be closer to the SCD substrate [57]. A detailed summary on the key results can be found

in Section 6.4. The major accomplishments are summarized below.

• The growth window for SCD was increased into the 300 to 400 Torr regime.

• The discharge volume descreases and the absorbed microwave power densities increases

with pressure. The absorbed power densities were found to be 535 to 670 W cm−3 in

the 300 to 400 Torr regime.
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• The plasma discharge descreased in size and pulled away from the SCD seed substrate

and substrate holder for high pressures (above 380 Torr).

• Efficient operation at high pressures (above 380 Torr) requires higher input power levels

and/or a retuning of the reactor configuration.

9.1.4 SCD growth up to 400 Torr

SCD growth up to 400 Torr was also demonstrated. The growth rate behavior and observations

of the crystalline quality in this new pressure regime were in accordance with the established

Harris-Goodwin theory [41, 49], i.e. the growth rate increases when increasing either the

pressure or the methane concentration, but while the crystalline quality also increased when

increasing the pressure, it decreased with increasing methane concentration. The formation

of soot when operating at high methane concentrations (above 6 %) remains a limiting factor

for efficient operation in this high pressure regime. It was found that the absorbed discharge

power density increases with pressure. Contrary to that, the growth rate as a function of the

pressure is not increasing any further for pressures of 380 Torr and above. This is further

evidence, that the plasma discharge pulled away from the SCD substrate and a retuning of

the reactor is needed to further increase the operating pressure in order to enable efficient

operation. It was shown, that rimless SCD material without detectable internal stress can

be grown in this new pressure regime. A detailed summary of the results can be found in

Section 6.4. The major accomplishments are summarized below.

• SCD growth of high crystalline quality without internal stress and a PCD rim was

demonstrated for pressures up to 400 Torr.
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• The current understanding of diamond growth versus pressure was verified up to

400 Torr.

• SCD top surface areas expanded by up to 40 % through vertical growth.

• Increase of the methane concentration resulted in an increased formation of crystalline

defects, introduced internal stress and changed the growth morphology.

• Formation of internal stress can be independent of the stress pattern of the underlying

seed crystal.

• A PCD rim appeared for growth under high (more than 7 %) methane concentrations.

• SCD growth rates did not further increase for high pressures (above 380 Torr) illustrating

the need for retuning the reactor configuration.

9.1.5 Temporal development of pulsed microwave discharges

Video filming was utilized to record the ignition, expansion, steady state operation, decay and

vanishing of pulsed microwave discharges. It was demonstrated that the discharge ignition

depends on the four pulsing input parameters Phigh, Plow, Thigh and Tlow. A particular

pulsing setup was investigated by fixing the power levels to 3000 W for Phigh and 0 W for

Plow. This resulted in a true on-off pulsing of the discharge. Six different pulsing discharge

behaviors were identified and were plotted in the two-dimensional Ton-Toff space. Their

occurance in Ton-Toff space was approximated. This included combinations of Ton and Toff,

where a pulsed discharge cannot be sustained. Additionally, the Ton-Toff space includes

c.w. excitation, represented as the horizontal line with Toff being zero. The Ton-Toff space

also included the variation of the dependent pulsing parameters, i.e. average power and
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duty cycle, which are affecting the pulsing behavior as well. It was demonstrated that the

transient development of pulsed discharges is depending on the Ton and Toff. Investigation

of the pulsing frequency showed, that individual pulsing frequencies below 100 Hz seem more

favorable to enhance the SCD substrate temperature and the growth rate. It was shown,

that conventional numerical models describing pulsed microwave discharges do not properly

describe the ignition phase and do not account for variations of how fast the discharge

is developing. Thus, a more sophisticated model needs to be developed to describe the

phenomena accordingly. A detailed summary of Chapter 7 can be found in Section 7.8. The

major accomplishments are summarized below.

• It was shown, that the pulsed discharge decays in approximately 2 ms, which is in

accordance with numerical calculations [140].

• The formation of pulsed microwave discharges was recorded as a function of (i) the duty

cycle, (ii) by varying Ton with a constant Toff, and (iii) as a function of the pulsing

frequencies. Thereby, a total of six different discharge behavior patterns were found.

• Two of these cases are special cases as they do not represent a periodic repetition of

the observed discharge development cycle. One marked a region, where the discharge

became instable and unsustainable. The other was a continuous discharge with periodic

disturbance, but the plasma would never go off visibly.

• A total of four different patterns of discharge ignition and development was observed,

where the discharge reignited periodically. Those four discharges were in detail: (1)

the formation of two separated thermal discharges, which then merge into a single one,

(2) the formation of an inhomogeneous thermal discharge on the SCD surface, (3) the
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formation of one homogeneous thermal discharge on the SCD and (4) the ignition as a

spherical discharge detached from the SCD substrate.

• Expansion of the pulsed microwave discharges showed a highly dynamic behavior.

The thermal discharges formed on the SCD substrate eventually detached from the

SCD substrate, turned into a spherical discharge and floated towards the steady state

position.

• The location of vanishing of the pulsed microwave discharge and the location of reignition

were not the same inside the reactor.

• The Ton-Toff space was introduced in order to visualize and compare the different

discharge patterns. The individual regions of occurrence of each of those six cases were

refinded based on the individual video recordings.

• It was shown, that the timely development of a pulsed microwave discharge depends on

the input parameters, i.e. the discharge develops slower when Ton is reduced under a

constant Toff. This is in contradiction to numerical calculations, which suggested an

idenditcal development [140].

• Pulsing of a microwave discharge enhances the SCD substrate temperature compared

to continuous excitation.

• Lower pulsing frequencies (50 to 125 Hz) were found to be more efficient in increaing

the SCD substrate temperature than higher frequencies (166.7 to 500 Hz).
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9.1.6 Further enhancement of the growth rate

Based on the results presented in Chapter 6 and Chapter 7 a selection of exploratory

experiments to further increase the growth rate was carried out by two different approaches:

(1) using a pulsed microwave discharge and (2) detuning the reactor dimensions as a simplistic

realization of retuning the reactor dimensions. The detuning was achieved by changing the

cavity length from 21.4 to 21.55 cm and caused the appearance of 41 to 54 W of reflected

power. Then the discharge was visibly pushed onto the substrate holder. It was demonstrated

that both approaches increased the growth rate by 70 to 100 %. Using a pulsed discharge

lowered the average power consumption by 23 %. These results were achieved under non-

optimized growth conditions. Thus, an even higher improvement of the growth rate may

be possible, when optimizing the process. Rimless growth was initially demonstrated, until

the diamonds grew out of the pocket due to the significantly higher growth rates. Initial

evaluation of the crystalline quality of the grown SCD films varied from being significantly

worse to appearing to be comparable to the high quality shown in chapter 6. However, a

detailed study of to optimize the processes will be needed. A detailed summary of Chapter 8

can be found in Section 8.4. The major accomplishments are summarized below.

• The SCD growth rate was increased by over 73 % when using a pulsed microwave

discharge, while simultaenously reducing the power consumption by 23 %.

• The freestanding SCD plate grown under pulsed conditions showed a significant amount

of internal stress and incorporation of nitrogen.

• The SCD growth rate was more than doubled by purposefully detuning the reactor at

300 Torr and this increased the growth rate by over 80 % for 400 Torr.
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• Visual inspection of the CVD-grown SCD, which was still attached to the seed crystal,

indicated a high crystalline quality thereof.

Finally it is noted that the research performed in this dissertation addresses several

suggestions for future research made by Lu [60] in the outlook of her PhD dissertation,

i.e. further enhancing the operating pressure above 280 Torr and increasing the methane

concentration above 7 % in order to increase the growth rate. An additional suggestion was

to controllably pulse the microwave discharge, which was achieved in this dissertation by

using a new microwave power supply.

9.2 Outlook and future research

The studies performed within this dissertation are crucial for the realization of 2 inch SCD

wafers and addressed several key technological challenges to be solved. Several research areas

have been identified, which should be investigated in the future for further enhancing the SCD

wafer technology, but also for a broader and more in-depth understanding of the MPACVD

technology. Suggestions for future research are as follows:

Lift-Off was demonstrated as an alternative SCD separation technique without material

loss. However, the process was not optimized economically. Hence, future research should

be conducted to identify the lowest dose necessary to successfully perform Lift-Off. This

will reduce the required irradiation time. Additionally, the current electrochemical etching

process is a purely physical ablation process without the support of chemical reactions, as

shown in Section 5.4.3. It can be assumed that utilization of chemical oxidation reactions

without having diffusion limitations by applying the external electric field would result in

vastly higher etch rates compared to a physical removal of the graphite. This may be achieved

221



by using hot acid solutions as aqueous medium, but this would require significant changes to

the setup for safety reasons.

Further enhancement of the SCD growth rate is of importance for economic manufacturing

of SCD wafers. Based on the preliminary results shown in Chapter 8 an in-depth study of

retuning the reactor seems an easy way to double the growth rate under otherwise unchanged

reactor conditions without suffering on the SCD quality. Additionally, retuning the reactor

and possibly increasing the absorbed power levels may produce an increase of the SCD growth

window into the 500 Torr pressure regime. Doing so would increase the reactor performance

knowledge, i.e. by studying plasma discharges with even higher absorbed power densities,

but should also increase the SCD growth rate and crystalline quality even further. Increasing

the SCD growth rate further is of particular importance in order to reduce the total growth

time required for the flipped side approach, For example, it would take a total of 208 days to

perform all the growth steps proposed in Table 2.1 when assuming a growth rate of 50 µm h−1,

as obtained in Section 8.3.

The pocket holder used in this dissertation was shallower (d = 2.0 mm) compared to

other work at MSU reporting on lateral SCD surface enlargement during vertical growth (d

= 2.3 mm, d=2.6 mm) [67, 72]. Hence, a detailed study of different pocket holder geometries

with varying pocket widths and depths should be carried out to identify the optimum values

for lateral outgrowing. Additionally, the pocket optimization should be adopted for larger

substrates in order to evaluate the scalability of lateral outgrowing for larger SCD wafer

dimensions.

Controlled pulsing of a Reactor B was experimentally explored for the first time. While it

was found, that a pulsed microwave discharge can be a useful tool for enhancing the growth

rate, an in-depth study of the effects of pulsing on the growth rate and crystalline quality will
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be needed. This study should take into account, that pulsing complicates the input parameter

space, i.e. Pabs, which describes the absorbed power for a continuously excited discharge is

replaced by a set of four parameters (Phigh, Plow, Thigh and Tlow) which themselves define

three new dependent variables (duty cycle, frequency and Pabs). Utilizing of pulsing for

enhancing the growth rate is of particular interest as a combination of high Phigh power levels

and low duty cycles can significantly increase the available SCD growth area for otherwise

comparable Pabs levels and growth conditions.

Video recording deemed a useful tool in the study of the temporal development of pulsed

microwave discharges. Future research should study the temporal formation of microwave

discharges depending on the four pulsing parameters (Phigh, Plow, thigh and tlow) in order to

identify all possible discharge ignition and expansion patterns. Once a suitable set of different

discharge behaviors are identified, it is suggested to record the microwave discharge formation

using different bandpass filters. By doing so it is possible to see the distribution and influence

of each individual excited species. This information will be critical for defining more detailed

numerical models for describing pulsed microwave discharges at pressures realistic for SCD

growth.

While not being mentioned in this dissertation, the requirements to increase the SCD

wafer technology to 2 inches and above will require the scaling of the 2.45 GHz MPACVD

SCD technologies and processes to 915 MHz. A uniform discharge is desirable for high quality

and uniform SCD growth. Unfortunately, discharge dimensions for the 2.45 GHz technology

for high pressures can be less than 30 mm in diameter making uniform deposition over areas

larger than 1 inch unlikely. The limitations of the 2.45 GHz technology for growing large area

SCD wafers is laid out in Section 9.3.1, where a cost analysis for SCD wafer fabrication is

presented. The analysis shows, that the use of 915 MHz technology will be neccessary for 2
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inch SCD wafer fabrication. Additionally, it was demonstrated, that the 915 MHz technology

utilizing multiple wafer growth is more economical compared to single wafer growth using

2.45 GHz technology.

9.3 Evaluation of commercial SCD wafer fabrication

9.3.1 Cost calculation for SCD wafer fabrication

The following discussion contains a rough cost estimate for inch size SCD wafer manufacturing

comparing the 2.45 GHz and the 915 MHz technologies to illustrate how important upscaling

of the reactor technology is. The assumption for the 2.45 GHz process in this cost breakdown

is, that operation at 380 Torr using a retuned reactor allows uniform SCD growth at 50 µm h−1

over an area 30 mm in diameter; enough for fabrication of 1 inch diameter SCD wafers. The

costs associated with power consumption and gas flow rates use the experimental results

from Chapter 6 and Chapter 8 in this dissertation. An absorbed power of 2.5 kW is selected

to describe the high end of the experimental runs. Hence, the overall wall plug power

consumption in this cost calculation is 5.0 kW. The H2 flow is 400 sccm and the CH4 flow

is 20 sccm. The ramp-up period (≈ 20 min) is ignored in this cost estimate. Individual run

times are 20 h based on the growth rate approximation in order to make 1 mm thick SCD

wafers.

The different levels of efficiency for scaling to 915 MHz are reflected by analyzing different

cases. A conservative scaling of the discharge dimensions was by approximating a 3.5 inch

(89 mm) discharge diameter. This would allow simultaneous growth on eight 1 inch diameter

SCD wafers as shown in Figure 9.1. Alternatively, a more optimistic case would result in a

usable discharge area has a diameter of 5.5 inch (140 mm), similar to the work by Asmussen
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et al. [166]. This would enable the simultaneous growth on nineteen 1 inch diameter SCD

wafers as shown in Figure 9.1. H2 flow is approximated to be 1000 sccm, CH4 flow is 50 sccm.

The absorbed power is assumed to be 10.0 kW for the smaller plasma diameter of 3.5 inches

and increases to 12.5 kW for the case of a 5.5 inch plasma. Hence, the total wall plug power

consumption is 20 and 25 kW, respectively.

(a) 3.5 inch (b) 5.5 inch

Figure 9.1 Schematic illustration of the scaling of the discharge using 915 MHz technology.
The grey circle represents the projected area onto the substrate holder of homogenous growth.
The areas are 3.5 inch and 5.5 inch. The blue circles represent individual 1 inch wafers, which
can be placed inside the discharge area for homogenous growth.

The growth rate for the 915 MHz process is evaluated under two cases as well. Opti-

mistically, the same growth rate as in the 2.45 GHz process (50 µm h−1) can be achieved and

individual growth processes will take 20 h. The conservative case only attributes for half the

growth rate (25 µm h−1) and the growth time will increase to 40 h.

The discussion here illustrates, that 2.45 GHz system technology will not be sufficient for
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growth of 2 inch wafers, and 915 MHz will be needed. Additionally, the growth of SCD wafers

of smaller size, i.e. 1 inch, is more cost efficient. This can be seen based on the discussion

below. However, the numbers for the estimate of the SCD wafer fabrication presented here

are just estimates and simplified at times.

The costs associated with the gas consumption are estimated using the following as-

sumptions: (i) full AL sized gas cylinders with an internal volume of 29.5 L have an average

pressure of 2500 psi when delivered, (ii) gas cylinders are being used only to a pressure of

500 psi, (iii) cost of H2 cylinders are $200 and (iv) costs for CH4 cylinders are $500. Hence,

the usable volume per gas cylinder at a process pressure of 380 Torr (0.5 atm) is:

V =
pcylinder · V cylinder

p380Torr
=

2200psi · 29.5 L

7.35psi
= 8026 L (9.1)

Then, the cost of 1 liter of gas is $0.025 for H2 and $0.062 for CH4.

The power consumption is estimated as twice the input power in order to account for the

peripheral systems, especially the cooling system. Power consumption costs are estimated as

$0.1 per kW h.

In order to calculate the costs associated with maintenance and machine depreciation it is

assumed that six twenty hour experiments and three forty hour experiments are carried out

per week and the system is operated fifty weeks a year. Hence, 300 twenty hour experiments

and 150 forty hour experiments will be performed per year. Annual maintenance costs are

approximated at 3 % of the initial machine costs, which is assumed to be $500,000 for a

2.45 GHz reactor and $1,000,000 for a 915 MHz reactor. Hence, annual maintenance costs

are $15,000 and $30,000 respectively and are accounted for across all runs. Additionally, it is

assumed that the individual diamond reactors are depreciated over a time span of 10 years,
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or $50,000 and $100,000 annually. The deprecation costs are distributed across all growth

runs per year.

After defining the variable costs of the SCD growth process it is possible to calculate the

costs per run and the costs per wafer by simply adding the associated costs of each run in

Excel. The breakdown of the wafer growth costs is shown in Table 9.1.

Item 2.45 GHz 915 MHz
Growth time 20 20 40 20 40
Runs per year 300 300 150 300 150

Discharge diameter [inch] 1.5 3.5 3.5 5.5 5.5
Wafers 1 8 8 19 19

Power costs [$] 10.00 40.00 80.00 50.00 100.00
H2 costs [$] 12.00 30.00 60.00 30.00 60.00
CH4 costs [$] 1.49 7.44 3.72 3.72 7.44

Maintenance costs [$] 50.00 100.00 200.00 100.00 200.00
Depreciation costs [$] 166.67 333.33 666.67 333.33 666.67

Run costs [$] 240.15 510.77 1010.39 517.05 1034.11
Costs per wafer [$] 240.15 63.85 126.30 27.21 54.43

Table 9.1 Estimated cost associated with the SCD growth attributed to each individual 1
inch SCD wafer calculated based on an optimized 2.45 GHz single wafer growth process and
four different cases of multiple wafer growth using a scaled 915 MHz reactor.

It can be seen, that the growth costs per SCD wafer are smaller for the 915 MHz process.

Even in the worst-case scenario (only 3.5 inch discharge diameter and half the growth rate)

the deposition cost per SCD wafer is only slightly more than half of the costs for the 2.45 GHz

process. The best-case scenario would result in nine-time cost reduction. Those promising

numbers hold true in addition to the fact, that 2 inch SCD wafer can be easily achieved using

915 MHz technology.

In addition to the operational costs for the SCD growth, the wafer fabrication process

has a set of additional fixed costs, i.e. labor and the external costs for ion implantation.

The associated labor costs with within the process chain, i.e. handling of the SCD seed,

preparing the growth process, programming of the cutting profile for the framing prior to
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wafer separation and many more are not discussed in detail or how scaling effects can be

achieved. Instead, the associated labor costs for every wafer are assigned with fixed costs of

$550 for labor. It needs to be mentioned, that some scaling effects are not attributed here.

For example, overseeing a growth process in a 2.45 GHz system with only one 1 inch SCD

wafer will take about the same amount of time than overseeing a 915 MHz process with 19

wafers.

The implantation costs for the Lift-Off consist of a $900 fixed cost associated per batch of

irradiation carried out and nine 1 inch wafers can be irradiated per wafer. Assuming, that

only full batches are irradiated, the fixed irradiation cost per SCD wafer is $100. Additional

costs occur for the irradiation time. Costs of $150 are attributed per SCD wafer assuming

an optimized irradiation process. Those numbers are obtained based on the time estimates,

which were provided from Western Michigan University, and applying an industrial rate of

$300 per hour. Cost reduction by developing a new holder configuration, which allows for the

simultaneous irradiation of more than 9 SCD wafers at a time, would be a relatively easy

approach in order to reduce the fixed cost per wafer associated with the ion implantation

process. Reducing the cost associated with the implantation time is more complicated as it

would require the upgrade of the implanter with an ion source, which is capable of higher ion

fluxes, which would be a significant monetary investment.

The cost of the initial SCD wafer used for growth of new wafer generations has to be

reflected in the equation as well as costs associated with the limited life time of a SCD wafer

used for wafer cloning. In this scenario, a 10 % surcharge is added to the cost analysis in

order to reflect costs of the initial SCD wafer and the wafer life time.

Finally, it needs to be acknowledged that not every single SCD wafer fabrication process

will result in a usable wafer due to different reasons, i.e. the formation of defects during

228



growth or cracking during processing. Overall, a yield of 75 % is approximated within the

early stages of SCD wafer fabrication on a commercialized level. A 25 % surcharge has been

added to each SCD wafer in order to account for the losses created by a non-successful SCD

wafer fabrication process.

The final costs accounting for all expenses introduced above are given in Table 9.2, which

compares the costs for one 1 inch diameter SCD wafer produced to the specific growth cases

introduced.

Item 2.45 GHz 915 MHz
Growth time 20 20 40 20 40
Runs per year 300 300 150 300 150

Discharge diameter [inch] 1.5 3.5 3.5 5.5 5.5
Wafers 1 8 8 19 19

Power costs [$] 10.00 40.00 80.00 50.00 100.00
H2 costs [$] 12.00 30.00 60.00 30.00 60.00
CH4 costs [$] 1.49 7.44 3.72 3.72 7.44

Maintenance costs [$] 50.00 100.00 200.00 100.00 200.00
Depreciation costs [$] 166.67 333.33 666.67 333.33 666.67

Run costs [$] 240.15 510.77 1010.39 517.05 1034.11
Costs per wafer [$] 240.15 63.85 126.30 27.21 54.43
Labor costs [$] 550.00 550.00 550.00 550.00 550.00

Implantation costs [$] 250.00 250.00 250.00 250.00 250.00
Seed costs [$] 104.02 86.38 92.63 82.72 85.44
Yield costs [$] 286.04 215.96 231.57 206.80 213.61

Final cost per wafer [$] 1430.21 1166.19 1250.50 1116.74 1153.48

Table 9.2 Estimated total cost for the fabrication of 1 inch SCD wafers based on an optimized
2.45 GHz single wafer growth process and four different cases of multiple wafer growth using
a scaled 915 MHz reactor and separation using Lift-Off.

It can be seen, that the overall predicted cost for 1 inch SCD wafers are cheaper utilizing

multi wafer growth in a 915 MHz reactor compared to wafer growth using a 2.45 GHz reactor.

Overall, the relative difference in cost is reduced as the majority of fabrication costs are

associated to fixed costs, i.e. the best case in the 915 MHz has only $27.21 of costs associated

to the actual wafer growth and $1190 in fixed cost.
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It needs to be mentioned though, that the fixed cost assignment is only simplistic as it

ignores certain synergies using a multi wafer growth, and a more detailed analysis will reduce

the labor costs per wafer. For example, a machine operator has the same labor costs when

monitoring a 2.45 GHz process with one wafer or a 915 MHz process with 19 wafers. Hence,

the labor costs per wafer will be 19 times lower for the 915 MHz process. The simplistic

approach of assigning a fixed cost per wafer was done, since an accurate reflection of the

labor costs would require an in-depth breakdown of the individual tasks and costs associated

while it seemed sufficient to have a rough estimate for the discussion presented here.

Overall it can be summarized, that the SCD wafer growth utilizing 915 MHz growth

technology is much more economical, and can reduce the deposition costs by a factor of 2 to 9.

At the same time, it needs to be mentioned, that the non-growth costs are the major sources

of expenses. Hence, it will be necessary to streamline the growth and processing routine to

reduce the labor cost and to scale the implantation process in order to irradiate as many

wafers at a time as possible to minimize the experiment setup costs per wafer. Additionally,

the fabrication process needs to be optimized in order to maximize the yield and how often a

seed wafer can be reused.

9.3.2 SCD wafer fabrication using HPHT processes

High quality growth of SCD with dimensions in the centimeter range by the HPHT process

was recently reported as well [204]. The Russian company New Diamond Technology (NDT)

is specialized in the growth and fabrication of multi carat gem stones fabricated out of

colorless HPHT diamonds. For example, in 2015, they reported on a 10.02 carat square

emerald cut diamond, which was cut from a 32.26 carat rough diamond grown via HPHT

[205]. The growth process took 300 h. The cut diamond had dimensions of approximately
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14.4 mm× 10.7 mm× 6.9 mm.

Those numbers sound promising, but there are particular problems with the HPHT growth

of large area SCD, which have to be mentioned. The first is, that the grown diamonds often

feature inclusions of the metallic catalysts used within the HPHT process to enable diamond

growth [204]. In order to obtain HPHT-grown SCD with lateral dimensions as large as

reported by NDT, a significant amount of vertical growth is required. This can be seen in

the schematic growth pattern of a HPHT diamond, shown in Figure 9.2 [206]. Additionally,

the lateral growth causes the formation of several growth sectors, which will be incorporated,

when a (100) SCD wafer is processed out of the HPHT grown diamond along the dotted

line. It also needs to be pointed out, that a large amount of grown SCD is not used in the

wafer fabrication process and the efficient yield is not high. Currently, the main use of these

large HPHT-grown diamonds is for the gem stone market. Currently, the price range for

a fully processed gem diamond is in the order of $125,000 to $150,000. The faceting and

polishing of the rough diamond is adding value resulting in the final price tag. Nevertheless,

it can be expected that the cost of the as grown HPHT diamond will be already several tens

of thousands of dollars. This is far too high to justify processing the diamond into a SCD

wafer, where dimensions will be between half and three quarters of an inch. At the moment,

MPACVD growth of diamond seems the only viable option to develop and grow inch size

SCD wafers and beyond.
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parallel to the ⟨001⟩ growth direction and that this causes
the material to show strain-related birefringence with a
characteristic anisotropy, being most obvious for a viewing
direction parallel to the growth direction. More recently it
has been shown (Martineau et al 2009) that step flow growth
can cause deviations of the line direction from ⟨001⟩. Edge
and mixed ⟨001⟩ dislocations have been modelled theoretically
(Fujita et al 2006, 2007) and this work has been extended
to modelling of the birefringence caused by clusters of edge
dislocations (Pinto and Jones 2009). In contrast, type IIa
natural diamond contains relatively high densities (up to 109–
1010 cm−2) of dislocations (Pal’yanov et al 1997, Willems
et al 2006) resulting from plastic deformation and arranged
either in slip bands or in geometric arrangements resulting
from polygonization (Martineau et al 2004) that took place
over the extremely long times during which diamonds resided
in the earth’s upper mantle.

In this paper we report the results of x-ray topography
studies of both HPHT and CVD synthetic diamond that
indicate how, by careful selection of type IIa HPHT substrate
material combined with the CVD synthesis methods already
developed, it is possible to grow diamond material that has not
only controlled point defect content but also a low extended
defect content (Twitchen et al 2007). As the ability to produce
CVD single crystal diamond with controlled point defect
content has already been demonstrated, this paper will focus
on reduction of the concentration of extended defects in this
material.

2. Experimental details

2.1. HPHT-grown synthetic diamond substrates

The HPHT synthetic diamond substrates used and studied in
this work were processed from type IIa samples produced
using the temperature gradient method, starting from carefully
selected as-grown synthetic type Ib HPHT diamond crystals
that acted as seeds for growth of large single crystal type IIa
samples with dimensions of several millimetres. The selection
of the samples themselves, and also the regions within them
suitable for use as substrates, was guided by x-ray topography,
knowledge of the growth sector dependence of the extended
defect content and knowledge of the way growth sectors
developed during the synthesis process to give the observed
sample morphologies, as illustrated in figure 1.

Parallel-sided plates, subsequently used as substrates for
CVD and for investigation of the effect of HPHT treatment,
were processed by a combination of laser sawing and
polishing. Some of the HPHT synthetic diamond was HPHT
treated under diamond stabilizing pressure at a temperature
between of 2400 ◦C for 15 min in order to examine the effect
on stacking faults and dislocations. Samples were re-polished
after the HPHT treatment to remove any near-surface damage
generated in during the treatment. All the single crystal CVD
samples reported here were grown homoepitaxially on the
{001} type IIa HPHT synthetic diamond substrates described
above from plasmas generated using microwaves in a methane
and hydrogen gas atmosphere.

Figure 1. A schematic diagram showing a {110} cross-sectional view
of growth sectors in a type IIa HPHT synthetic diamond sample
produced from a (001) seed. Broken lines represent growth sector
boundaries and dotted lines indicate how a (001) plate might be cut.

UV-excited luminescence images were recorded using
a DiamondView™. In this instrument samples were excited
at wavelengths shorter than 228 nm using a filtered xenon
arc lamp source. The use of above band gap radiation
allows luminescence from the near-surface region to be
selectively excited, giving images that clearly show up the way
growth sectors with different impurity concentrations break
the surface. More information about DiamondView™ can be
found in Martineau et al 2004.

X-ray topographs were recorded using a Lang camera
fitted to a rotating anode x-ray generator with a molybdenum
target, zirconium filter and 0.2 mm × 0.2 mm apparent source
size. The operating conditions of 40 kV, 40 mA produced
a bright source of Mo Kα1 x-rays at 17.4 keV. A 250 µm
slit collimator was used at a distance of 0.7 m from the
source. Preliminary x-ray topographs were generated rapidly
on dental film before high quality topographs, requiring longer
exposure times, were recorded on nuclear plates (Ilford L4) and
processed using standard techniques.

To provide information about the dislocations and stacking
faults throughout a sample, projection topographs were
recorded by translating the sample through the beam in order
to expose its complete volume. The film was simultaneously
translated to keep it in the same position relative to the sample.
Exposure times were typically in the region of 4 h but depended
on sample size, the intensity of the reflection used and the
degree of lattice perfection.

Various different reflections were used to generate
projection topographs. For analysis of stacking fault contrast
in HPHT synthetic diamond substrates, {111}, {220} and {422}
reflections were used. Stacking faults in diamond tend to lie
on {111} but, for a given {220} reflection, stacking faults will
only be observed for two of the {111} planes because for the
other two the fault vector lies in the diffraction plane. For the
same reason, one set of stacking faults is absent for a {422}
reflection. One set of stacking faults is absent for a {111}
reflection, but for the different reason that the fault vector is
parallel to the diffraction vector and has a magnitude that is an
integral number of lattice spacing. {400} reflections were used
to create topographs showing general views of the substrates
showing stacking faults in all of the {111} planes with equal
contrast.

2

Figure 9.2 A schematic diagram showing a 110 cross-sectional view of growth sectors in a
type IIa HPHT synthetic diamond sample produced from a (001) seed. Broken lines represent
growth sector boundaries and dotted lines indicate how a (001) plate might be cut. [206]
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