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Method of Growing Single Crystal Diamond Assisted by
Polycrystalline Diamond Growth

[0001] The section headings used herein are for organizational purposes only and
should not to be construed as limiting the subject matter described in the present

application in any way.

Cross Reference to Related Application

[0002] The present application is a non-provisional application of U.S.
Provisional Patent Application Number 62/945,180 filed on December 8, 2019, entitled
“Lateral Enlargement for Single Crystal Diamond Growth Using Plasma Chemical Vapor
Deposition”. The entire contents of U.S. Provisional Patent Application Number

62/945,180 are herein incorporated by reference.

Introduction

[0003] The market for synthetic diamond is growing rapidly. This is due, at least
in part, to the many desirable material properties of diamond, such as excellent hardness,
chemical stability, low-thermal expansion, high thermal conductivity, wide electronic
bandgap and broad optical transmission. Grown diamond material is currently used in
numerous and a growing number of applications including, for example, abrasives,
electronics, optics, experimental physics, and gems. The increasing demand for grown
diamond drives the need for improved apparatus and methods that can efficiently produce

high-quality, large-size single-crystal diamonds.
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Brief Description of the Drawings

[0004] The present teaching, in accordance with preferred and exemplary
embodiments, together with further advantages thereof, is more particularly described in
the following detailed description, taken in conjunction with the accompanying drawings.
The person skilled in the art will understand that the drawings, described below, are for
illustration purposes only. The drawings are not necessarily to scale, emphasis instead
generally being placed upon illustrating principles of the teaching. The drawings are not

intended to limit the scope of the Applicants’ teaching in any way.

[0005] FIG. 1 illustrates a sequence of growth runs using a known single crystal

diamond growth substrate holder assembly.

[0006] FIG. 2 illustrates cross-sections of grown diamond on a substrate holder
for an embodiment of a sequence of growth steps in an apparatus and method of single

crystal diamond growth of the present teaching.

[0007] FIG. 3 illustrates a cross-section of seed diamonds mounted on a substrate
holder using a spacer in an embodiment of an apparatus and method of single crystal

diamond growth of the present teaching.

[0008] FIG. 4 illustrates a cross-section of grown diamond used to create a plate
of single crystal diamond material having larger dimensions than a seed material using an
embodiment of an apparatus and method of single crystal diamond growth of the present

teaching.
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Description of Various Embodiments

[0009] The present teaching will now be described in more detail with reference
to exemplary embodiments thereof, as shown in the accompanying drawings. While the
present teaching is described in conjunction with various embodiments and examples, it
is not intended that the present teaching be limited to such embodiments. On the
contrary, the present teaching encompasses various alternatives, modifications, and
equivalents, as will be appreciated by those of skill in the art. Those of ordinary skill in
the art having access to the teaching herein will recognize additional implementations,
modifications, and embodiments, as well as other fields of use, which are within the

scope of the present disclosure as described herein.

[0010] It should be understood that the individual steps of the methods of the
present teaching may be performed in any order and/or simultaneously as long as the
teaching remains operable. Furthermore, it should be understood that the apparatus and
methods of the present teaching can include any number or all of the described

embodiments as long as the teaching remains operable.

[0011] The present teaching relates to growth of single crystal diamond.
Synthetic diamond materials have been produced for many years by a variety of means.
Early synthetic diamond processing techniques used thermal torches and high pressure,
high temperature reactors. Beginning in the 1980’s, investigators began looking at
plasma chemical vapor deposition (CVD) techniques to form synthetic diamond films.
The deposited films were typically thin or thick films of diamond material that were

deposited onto substrates such as silicon, tungsten, and molybdenum. Much of the initial
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development of plasma CVD diamond deposition has been performed using microwave-
based reactors operating in the general pressure range of 10-300 Torr. More recently,
some diamond deposition has been performed using lower pressure plasma reactors and
non-microwave generators. In general, higher-quality films and higher deposition rates
have been obtained using the higher-pressure microwave systems. See, for example, J.E.
Butler, Y.A. Mankelevich, A. Cheesman, Jie Ma and M.N.R. Ashfold, “Understanding
the Chemical Vapor Deposition of Diamond: Recent Progress”, Journal of Physics:
Condensed Matter 21 (2009) 364201, IOP Publishing. See also, F. Silva, K. Hassouni, X.
Bonnin and A. Gicquel, “Microwave Engineering of Plasma-Assisted CVD Reactors for
Diamond Deposition,” Journal of Physics: Condensed Matter 21 (2009) 364202, IOP
Publishing. All the references cited herein, including J.E. Butler et al., and F. Silva et al,

are herein incorporated by reference.

[0012] The plasma chemistry for depositing diamond, diamond-like carbon,
graphene, and related materials includes mainly hydrogen chemistry with the addition of
a small amount of a carbon-containing gas, such as methane or acetylene . Other gases
can be added as well. For example, other gases containing carbon and hydrogen can be
used. In addition, other gases can be added such as nitrogen, oxygen, argon and/or a
halogen species. Gases containing one or more dopant material, such as boron, can also
be added in combination with other gases. The plasma dissociates some fraction of the
hydrogen as well as the carbon-containing species. Atomic hydrogen is a critical
ingredient because it adsorbs onto the growing diamond surface and also preferentially
etches away non-diamond carbon-bonds in favor of diamond bonds. One key to both

high deposition rates and high-quality film growth is to have a high flux of atomic
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hydrogen at the workpiece surface, which favors the use of a plasma system as opposed

to, for example, a hot-filament system.

[0013] Single crystal diamond material is generally grown on a starting substrate
that is itself single crystal diamond. Single crystal diamond material is also grown on
non-single crystal diamond substrates, such as iridium. For growth of polycrystalline
diamond material, there is a wide choice of substrates including silicon, molybdenum,

tungsten, and many other materials.

[0014] The starting substrate is typically at a temperature that is in the range of
600-1400 degrees C during growth. In order to achieve a high-rate growth of high-
quality diamond material, it is necessary that the plasma discharge be of sufficient
intensity such that the gas in the core of the plasma discharge is heated to greater than
2000 degrees C. This high gas temperature is necessary in order to maintain a high
degree of dissociation of the hydrogen gas into atomic hydrogen, which is critical to the
growth of high-quality material at high rates. Example working conditions that will
generate these high gas temperatures are typically total gas pressure greater than 20 Torr
and power delivered into the plasma core at a density of greater than 50 W cm™. For
preferred high deposition rates, the power delivered into the plasma core may exceed 100
W cm™ and pressures may exceed 100 Torr, resulting in a gas temperature in the plasma

core that may exceed 2000 degrees C and even exceed 3000 degrees C in some processes.

[0015] The plasma discharge may be generated in several different ways.
Traditionally, microwave power sources, typically at either 2.45 GH or 915 MHz

frequencies, have been used at power levels as low as 1 kW to greater than 100 kW.
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Theses microwave frequencies are attractive because the energy travels in a wave and the
construction of the process chamber can allow the discharge to be centered near the
substrate where the deposition occurs, and away from the process chamber walls. The
particular microwave frequency may be higher or lower than these values, but these are
typically used because they are reserved for industrial applications by international

agreement and components are widely available in the commercial market.

[0016] More recently, other frequencies for the power source and other
techniques for coupling the power to the plasma discharge have been developed. One
example is a toroidal plasma discharge in which radio frequency (RF) power at 400 kHz
is inductively coupled through a transformer structure into a closed-loop discharge.
Other RF frequencies may be utilized to form the toroidal discharge as well, from as low
as 20 kHz to over 14 MHz. Another example is that of using a direct current (DC)

discharge as the plasma source in a CVD diamond system.

[0017] One enabling technology for CVD diamond deposition is the starting
single crystal diamond substrate that provides the platform for growth of the diamond
material. For some applications it is desirable to grow single crystal diamond material in
a direction parallel to the initial growth surface, as well as perpendicular to it. By parallel
to the initial growth surface, we mean lateral to or on the side of the initial growth
surface. This will allow the initial diamond ‘seed’ to be expanded in both the
perpendicular and parallel dimensions relative to the initial seed surface. The
applications where this would be beneficial include, for example: generating substrates
for electronic devices and sensors; providing windows for various vacuum applications;

manufacturing materials for use in optics; manufacturing lab-grown diamond gems; and
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generating diamond materials for industrial applications such as cutting tools.

[0018] For some applications, it is desirable to grow thick single crystal diamond
material, in a direction that is predominately perpendicular to the initial seed surface.
Some applications where this would be beneficial include, for example: generating
substrates for electronic devices and sensors; providing windows for various vacuum
applications; manufacturing materials for use in optics; manufacturing lab-grown
diamond gems; and generating diamond materials for industrial applications, such as

cutting tools.

[0019] Known methods for growing large area substrates include, for example,
placing multiple seeds together and overlapping the growth. These known methods
typically result in visible and mechanical defects that make the substrate undesirable for

some applications.

[0020] Known methods for growing large area substrates include, for example,
using a single large seed cut from a natural diamond. These known methods, however,

are typically very expensive and time-consuming to perform.

[0021] It is known in the art that without lateral growth of diamond material using
chemical vapor deposition, the mass of the finished diamond gem in grams cut from the
chemical vapor deposition grown diamond cannot exceed a maximum possible mass in
grams that can be determined by the expression M = 0.002 * A**1.5, where A is the area
of the seed in millimeters squared. See, for example, Charles I. Carmona, Estimating
Weights of Mounted Colored Gemstones, Gems and Gemology, Fall 1998. The present
teaching relates, at least in part, to a diamond substrate apparatus and growth method that
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promote the growth of the material both perpendicular to the growth face and parallel or
lateral to the growth face. However, it has been determined that with the lateral growth
methods according to the present teaching, there is no limit on the mass of the finished
gem with respect to the area of the seed. This allows for optimizing the packing and cost
of the initial diamond seeds and will enable growth of gems from chemical vapor
deposition grown diamond material larger than would be possible by known methods.
Thus, in contrast to known apparatus and methods for single crystal diamond growth, the
present teaching allows the deposition of large, single crystal diamond pieces using either

single or multiple growth cycles.

[0022] One feature of the present teaching is that diamond material quality can be
improved by using only a single, or a few growth cycles, in contrast to using many
growth cycles. The reduced number of growth cycles according to the present teaching
can eliminate or greatly reduce growth lines or other defects that can occur due to
stopping and starting the growth process or that can occur by significantly modifying the
growth process parameters during the growth. Stopping and starting the growth process
or significantly changing process parameters, such as pressure, power, chemistry or
sample temperature can result in such growth lines or other defects, which may be visible
by eye or under optical magnification or by other analytical instrumentation. Using a
single, or a few growth cycles, also maximizes reactor utility and minimizes cost,

allowing for overall savings in production costs.

[0023] Another feature of the method and apparatus of the present teaching is that
by varying process parameters and/or hardware related to mounting the samples, the

apparatus and method of the present teaching can be used to reliably control the growth
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in the direction parallel (lateral) to the growing seed face. In some embodiments, for
every millimeter of growth perpendicular to the initial seed face, the growth parallel
(lateral) to the initial seed face is varied from 0 mm to approximately 2 mm. At the
extreme, this is a ratio of parallel-to-perpendicular growth of 2.2:1. With additional
optimizations, the apparatus and method can further extend the ratio of parallel-to-

perpendicular growth to a greater value such as 2.5:1 and even 3:1.

[0024] FIG. 1 illustrates a sequence of growth runs 100 using a known single
crystal diamond growth substrate holder assembly 102. See, for example, U.S. Patent
No. 9,732,440. The growing sample 104 is placed in the holder assembly 102. The
holder assembly 102 is used both to enlarge the growing single crystal diamond material
parallel to the initial seed face 106 of the growing sample 104 and to increase the size of
the material perpendicular to the initial seed face 106. The holder assembly 100 is
typically made of molybdenum or another high-temperature material so that it shields the
outer edges of the sample 104 from the plasma discharge chemistry, thus limiting the

growth of undesirable polycrystalline diamond material at the edges.

[0025] In each successive run in the sequence of growth runs 100 of the method
of FIG. 1, additional shielding material is added to the holder assembly 102, allowing the
growing shape of the sample 104 to be maintained. However, this requires that each time
the process is halted, the sample 104 is removed, optionally trimmed and polished, and
the holder assembly 102 is modified. The sample 104 then needs to be reloaded and the
process restarted. Using this technique, enlargement of the area of the diamond of over
two times relative to the starting seed area has been demonstrated. Thus, this technique

can provide up to approximately a 2:1 ratio of parallel to perpendicular growth.
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[0026] However, a significant drawback of this known approach is that in order to
generate enlargements of the area, the growth steps need to be repeated multiple times,
using different sized holders. In addition, processing of the material between steps is
typically required that may include steps such as laser trimming followed by one or more
polishing steps. These additional steps significant add to the processing time and cost as
well as increase the probability of damaging the sample 104. As an alternative to
changing holders within a process chamber, the user may have multiple chambers and
move the sample from chamber-to-chamber in sequence, where each chamber has a

holder optimized for a particular process step.

[0027] Another feature of the present teaching is that there is no requirement to
use substrate holders that must be periodically changed. However, periodically changing
substrate holders can still be used advantageously in the same way as used in known
methods. In particular, it should be understood that some embodiments of methods and
apparatus of the present teaching provide a larger ratio of parallel-to-perpendicular
growth without the need to change holders. Also, it should be understood that some
embodiments of methods and apparatus of the present teaching can include some aspect
of changing holders to further increase growth improving the economics of the process.
Performing multiple holder changes during a growth process may be done, for example,

if particularly large grown diamond samples are desired.

[0028] In some embodiments of methods of the present teaching, the growth
process is improved or optimized to achieve process goals other than achieving a larger
ratio of parallel-to-perpendicular growth. For example, in some methods, it is desirable

to improve or maximize packing of seeds rather than improve or optimize an increase in
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physical size in at least one dimension of individual growths. In such methods, the

desired parallel growth can be at or near zero.

[0029] In some embodiments of the present teaching, single crystal diamond
seeds are thermally attached to a substrate holder, which can have a surface that is flat or
textured or a surface that has features assisting mounting of the starting seeds. Also, in
some embodiments, single crystal diamond seeds are thermally attached to a substrate
holder with a high thermal conductivity material or a low thermal conductivity material
and/or a material with a similar coefficient of thermal expansion to the coefficient of
thermal expansion of the single crystal material. Various methods according to the
present teaching use substrate holder material along with bonding materials to more

closely match coefficients of thermal conductivity.

[0030] In some embodiments, during processing the holder is at a temperature
less than the diamond seed. The holder may be constructed of a number of different
materials including, for example, molybdenum, tungsten, silicon, high-temperature

ceramics, and other materials.

[0031] The holder must be able to support the growth of polycrystalline diamond
material at an average growth rate such that the polycrystalline material does not
overwhelm the single crystal samples, but great enough to assist the growth of the single
crystal material. That is, the geometry and temperature of the holder and the plasma
conditions are configured such that polycrystalline material that accumulates in the
regions that are not occupied by the seed does not significantly grow up to or beyond the

single crystal diamond. The simultaneous growth of both polycrystalline material and
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single crystal material will allow the polycrystalline material to assist keeping the
temperature of the growing single crystal diamond material at a desired value. In
addition, the system advantageously limits the growth of undesirable polycrystalline

material on the edges of the single crystal samples.

[0032] In some methods according to the present teaching, a non-diamond layer
of carbon material is formed between the single crystal growth and the polycrystalline
growth. Such layers can be formed during part or all of the growth cycle. This may
assist in reducing the stress that might otherwise be introduced into the growing single

crystal material by the polycrystalline material.

[0033] FIG. 2 illustrates cross-sections 200 of grown diamond on a substrate
holder 202 for an embodiment of a sequence of growth steps in an apparatus and method
of single crystal diamond growth of the present teaching. The configuration of the holder
202 and seed 204 support an increase the surface area of CVD-grown diamond samples
206, 206°. A single-crystal diamond (SCD) sample shown in the figure is the starting
seed 204 for the growth. The thicknesses shown in FIG. 2 are just one example of a

growth cycle that has been achieved. The schematic cross-sections are not to scale.

[0034] As can be seen from FIG. 2, a necessary part of the present teaching is that
the growth of the polycrystalline diamond material on the sample holder 202 (shown as
molybdenum for this example) must be close to, but not greatly exceeding, the growth of
the single crystal diamond in the direction perpendicular to the initial seed. It should be
understood that the growth rate of the polycrystalline diamond material can be higher

than the growth rate of the single crystal material at a particular point in time, as long as
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the total growth of the polycrystalline diamond material does not significantly exceed the
total growth on the single crystal growth surface during the majority of the growth
process. During a later portion of the growth process, the polycrystalline diamond
material can overgrow the single crystal material. The relative growth rates of the single
crystal material and the polycrystalline material 208, 208’ are controlled by at least one
of temperature of the sample exposed to the plasma, temperature of the sample holder,
and process chemistry. Also, the starting condition of the sample holder 202 will impact
the rate at which the polycrystalline growth begins. This starting condition can, for
example, be used to give the growth of a single crystal material a “head-start’. In this
way, even if the growth rates of the polycrystalline material 208, 208’ and CVD-grown
diamond samples 206, 206’ are similar, the single crystal growth will always be thicker
than the polycrystalline growth, which may be desirable. Use of a thicker starting seed
204 of the single crystal diamond material or use of an additional element to elevate the
starting seed further above the sample holder 202 will also provide a ‘head-start’ for the

single crystal growth. The elevated seed embodiment is not illustrated in FIG. 2.

[0035] The temperature difference between the single crystal CVD-grown
diamond samples 206, 206’and the molybdenum holder 202, 304 can be controlled by
how the single crystal material, seed 204, is thermally mated to the holder, as well as the
power density incidence on the single crystal sample seed 204 from the plasma discharge
chemistry. In one method, the seed 204 is placed on the surface of the holder 202, which
may be textured to give a specific thermal transfer characteristic. A finer texture
(including polished surface) for the holder 202 will generally give better thermal transfer

between the single crystal diamond seed 204 and the holder 202. For example, the
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surface of the holder 202 can be machined to a finish in the range of 1 to 1000 microinch
radius. The surface of holder 202 can be machined by diamond turning and/or polished
to a finish of 0.2 microinch radius. In one embodiment, a finish on the surface holder of

about 2-100 microinch radius is employed.

[0036] A roughened surface for the holder will generally give reduced thermal
transfer which can be advantageously used in some processes. In some embodiments, the
surface of holder 202 is constructed with recesses for the seeds 204, which will increase

the thermal contact between the seeds 204 and the holder 202.

[0037] In some embodiments, the surface of holder 202 is constructed with pillars
or other elevating structures for the seeds 204, which will increase the ‘head-start’ for the
single-crystal growth relative to the polycrystalline growth. One or more surfaces of the
holder may be constructed with texturing, pillars or other structures, cooling channels,

recesses, etc.

[0038] Some embodiments of the methods and apparatus of present teaching vary
the temperature difference between the single crystal diamond samples and the holder by
bonding the single crystal seed samples to the holder. In these embodiments, the bonding
material must be able to withstand the temperature of the growing material as well as the
temperature differential between the growing material and the holder. Examples of
bonding materials include metallic brazing materials, which will have high thermal
conductivity, and other bonding materials containing fillers such as aluminum oxide,
diamond, other oxides, nitrides, metals and carbon. Varying the thickness of the bonding

material as well as its composition will impact the temperature difference and differences
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in thermal expansion coefficients. Bonding the single crystal seed samples to the holder
will assist in maintaining consistent thermal contact throughout the duration of the
process run and will also assist in preventing the single crystal seed samples from

moving.

[0039] Some embodiments of the methods of present teaching vary the
temperature difference between the single crystal diamond sample seeds and the holder
by using an intermediate spacer element between the single crystal diamond sample seed
and the holder. This intermediate spacer element adds an additional temperature

difference between holder and seed.

[0040] FIG. 3 illustrates a cross-section 300 of seed diamonds 302 mounted on a
substrate holder 304 using a spacer 306 in an embodiment of an apparatus and method of
single crystal diamond growth of the present teaching. It should be understood that the
cross section 300 is not to scale, but rather is presented to illustrate the present teaching.
One aspect of this apparatus and method that uses a spacer 306 is that it has the effect of
giving the growth of a single crystal sample an additional ‘head-start’ over the
polycrystalline diamond growth. Another aspect of this apparatus and method that uses a
spacer 306 is that it has the effect of increasing the temperature difference between the

sample and the holder.

[0041] The volume and thickness of the spacer 306 as well as the material
forming the spacer 306 are chosen to provide a desired temperature difference between
the single crystal diamond sample and the sample holder. As such, this means that the

single crystal sample has an additional ‘head-start’ over the polycrystalline growth as
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well as potentially higher growth rates and improved growth metrics and characteristics.

[0042] While the height of the single crystal diamond material is generally higher
than the height of the polycrystalline material for most of the growth cycle, it is possible
in some growth processes that the polycrystalline material height can exceed the height of
the single crystal sample near the latter part of the growth cycle. It is also possible that
the polycrystalline material can overgrow the surface of the single crystal material in the
latter part of the growth cycle. While this will limit the growth of the single crystal

material, it will not necessarily damage the material or prevent its use.

[0043] As the polycrystalline material grows in conjunction with the single
crystal growth, it will tend to equalize the temperature among the multiple single crystal
growths as well as between the multiple single crystal growths and the sample holder.
The polycrystalline growth rate may then increase over time as its temperature increases.
Changing the process conditions over time can help to maintain the relative growth rates

of the single crystal and polycrystalline material at an optimum value.

[0044] One feature of single crystal diamond growth methods according to the
present teaching is that they can be used to grow particular crystal faces on a single
crystal sample at different rates relative to other crystal faces and that these differential
rates can be accurately and repeatably controlled by the process engineer. For example,
the methods and apparatus of the present teaching can be used to achieve lateral
enlargement of the upper (100) face. As an example of this feature, consider the case of a
starting seed that has (100) oriented crystal faces. By carefully selecting various process

parameters, for example, sample temperature at the growth surface, pressure in the
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process chamber, plasma power, sample holder dimensions and configuration, and the
various process gas flow rates, the growth rate of the crystal faces (110), (111), (113),
relative to the (100) face, can be accurately and repeatably controlled. Process
parameters and the sample holder dimensions and configuration can also be selected in

order to limit the development of stress in the material.

[0045] The growth rates of (100), (110), (111) and (113) crystal faces are
dependent on temperature as well as concentration of the various reactive gas species. In
some methods according to the present teaching, the growth strategy is to control the
concentration of radical species over the growing surfaces as well as the temperature.
Such methods obtain a high, uniform growth rate of single crystal diamond material
without the growth of polycrystalline diamond material on the edges of the growing
sample due to shielding provided by the laterally positioned polycrystalline diamond
material. To achieve these, the temperature and the process chemistry can also be varied

during the growth cycle as necessary.

[0046] The methods and apparatus of the present teaching can be used to fabricate
plates of single crystal diamond material that have parallel dimension significantly
greater than the corresponding parallel dimensions of the starting seed material. There
are numerous applications for such plates, including substrates for gem growth,
electronics, sensors, quantum devices, windows for vacuum systems and numerous other

applications, optics, and various industrial applications including cutting tools.

[0047] The methods and apparatus of the present teaching can be used to fabricate

thick plates of single crystal material, with no or insignificant growth in the parallel
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dimension relative to the starting seed material. There are numerous applications for
such plates, including substrates for gem growth, electronics, sensors, quantum devices,
windows for vacuum systems and numerous other applications, optics, and various

industrial applications including cutting tools.

[0048] FIG. 4 illustrates a cross-section 400 of grown diamond used to create a
plate of single crystal diamond material having larger dimensions than a seed material
using an embodiment of an apparatus and method of single crystal diamond growth of the
present teaching. A starting seed 402 of single crystal material is grown such that it
increases in dimensions both parallel to the starting surface and perpendicular to it. In
some methods according to the present teaching, the diamond material grows such that
the dimension parallel to the initial growth face is a factor of 1.5 — 3 times the growth of
the dimension perpendicular to the initial growth face. In one method, the material grows
such that the dimension parallel to the initial growth face is increased by a factor of
approximately two times the rate of growth of the dimension perpendicular to the initial
growth face. Also, some methods according to the present teaching produce plates of
single crystal diamond material that have a dimension parallel to the initial growth face

greater than that of the starting seed.

[0049] In some methods, the resulting single crystal diamond material has a mass
of greater than 1 gram. In other methods, the resulting single crystal diamond material
has a mass of greater than 2 grams. In yet other methods, the resulting single crystal
diamond material has a mass of greater than 5 grams. It has been experimentally
determined that there is no inherent upper limit on the growth of the single crystal

diamond material using methods according to the present teaching, other than the spacing
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between the growing surface of the diamond material and the plasma and the spacing
between multiple samples. In some methods, the substrate holder is retracted during the

growth process in order to keep the growing surface at an ideal location.

[0050] Also, in some methods according to the present teaching, the thickness of
the single crystal diamond growth that can be achieved in a single, continuous growth
cycle can exceed 6 mm. In other methods, the thickness of the single crystal diamond
growth that can be achieved in a single continuous growth cycle can exceed 10 mm. In
yet other methods, the thickness of the single crystal diamond growth that can be
achieved in a single, continuous growth cycle can exceed 15 mm. It should be
understood that there is no specific upper limit on the thickness of the growth that can be

achieved in a single continuous growth cycle.

[0051] As a particular example of one reduction to practice, the seed 402 had
initial dimensions of approximately 7x7 mm in area and 0.3 mm thickness and was
grown to a thickness of 4.5 mm with a lateral dimension of approximately 16 mm as
shown in FIG. 4. It should be understood that the plate 404 can be thicker or thinner than
the example illustrated in FIG. 4, depending on the particular application. It should be

understood that the particular example illustrated in FIG. 4 is not to scale.

[0052] The plate 404 is removed from the grown single crystal diamond after
growth. Some optional examples of post growth steps are to cut the plate 404 using a
laser or other suitable cutting device into thin sections, such as 1-mm-thick sections. One
skilled in the art will appreciate that the plate thickness can be larger or smaller than 1

mm. Alternatively, electrochemical etching can be used to cut sections of the plate 404.
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Alternatively, strain induced by an implanted layer can be used to separate sections of the

plate 404 from the main growth.

[0053] The plate 404 can be used as a seed for further growth into larger
dimensions. Multiple sections can be removed from a single growth to generate multiple
plates. Each section may form a plate having an area equal to or smaller than the prior
plate. The plate 404 can also be used for various applications, including, for example,

electronics, optics, sensors, gems and cutting tool applications.

[0054] In some methods according to the present teaching, the process and
mounting conditions of the seed is adjusted so that plate 404 grows with little or no
growth in the direction parallel (lateral) to the seed surface. In these methods, sections

may still be cut out of the plate 404 for various applications.

[0055] Single-crystal diamond can be grown according to the present teaching
utilizing a plasma processing apparatus that includes a vacuum chamber with gas
injection, pumping, and pressure control. A microwave, DC or RF generator creates a
plasma in order to grow the single-crystal diamond material. A holder for a diamond
sample seed is typically used. The holder is configured such that it can support the
growth of polycrystalline diamond material. In some embodiments, a molybdenum
holder is used. The diamond seed may be thermally attached to the holder with a thermal
bonding material that can be chosen based on its thermal and mechanical properties. The
diamond seed may also be placed on the surface of the holder without the use of a

thermal bonding material.

[0056] In some instances, it may be desirable to complete the growth in one
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direction perpendicular to a seed face, remove the sample from the CVD system, flip the
sample over so that the growth surface is now facing the holder, and resume the growth
on the seed side that was formerly facing the holder. This will allow the perpendicular
growth to be increased without increasing the maximum growth parallel (lateral) to the
seed face. It may be desirable in some instances to clean or trim the grown material
before resuming the growth. It may also be desirable in some instances to clean the

holder and the process chamber before resuming the growth.

Equivalents

[0057] While the Applicants’ teaching is described in conjunction with various
embodiments, it is not intended that the Applicants’ teaching be limited to such
embodiments. On the contrary, the Applicants’ teaching encompasses various
alternatives, modifications, and equivalents, as will be appreciated by those of skill in the
art, which may be made therein without departing from the spirit and scope of the

teaching.
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