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CONTROLLING RELATIVE GROWTH RATES OF DIFFERENT EXPOSED
CRYSTALLOGRAPHIC FACETS OF A GROUP-III NITRIDE CRYSTAL
DURING THE AMMONOTHERMAL GROWTH OF A GROUP-III NITRIDE
CRYSTAL
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all of which applications are incorporated by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention.

This invention relates to ammonothermal growth of group-III nitrides.
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2. Description of the Related Art.

Ammonothermal growth of group-II1 nitrides, for example, GaN, involves
placing, within a reactor vessel, group-III-containing source materials, group-II1
nitride seed crystals, and a nitrogen-containing solvent, such as ammonia, sealing the
vessel and heating the vessel to conditions such that the vessel is at elevated
temperatures (between 23°C and 1000°C) and high pressures (between 1 atm and, for
example, 30,000 atm). Under these temperatures and pressures, the nitrogen-
containing solvent becomes a supercritical fluid and normally exhibits enhanced
solubility of the group-III-containing source materials into solution. The solubility of
the group-IlI-containing source materials into the nitrogen-containing solvent is
dependent on the temperature, pressure and density of the solvent, among other
things. By creating two different zones within the vessel, it is possible to establish a
solubility gradient where, in one zone, the solubility will be higher than in a second
zone. The group-IlI-containing source materials are then preferentially placed in the
higher solubility zone and the seed crystals in the lower solubility zone. By
establishing fluid motion of the solvent with the dissolved source materials between
these two zones, for example, by making use of natural convection, it is possible to
transport the fluid from the higher solubility zone to the lower solubility zone where
the group-I1I nitride crystals are grown on the seed crystals.

The growth rate of the various exposed crystallographic planes of the group-
III nitride crystals varies due to the varying number of exposed free electrons for
bonding and different surface densities of the different atoms along with varying
ratios of the two atoms (group-III and N atoms). It is clearly established that certain
crystallographic planes grow faster than others in certain environments and
conditions. For example, it has been observed in GaN that among the slow growing,
and therefore stable, planes are the c-plane (000-1) and m-planes {10-10} as

expressed in Miller-Bravais indices. If the relative growth rate of the m-planes is



WO 2010/053963 PCT/US2009/063236

10

15

20

25

larger than that of the c-planes, then the resulting crystal may assume a flat puck like
shape, having a large c-plane facet and smaller m-plane facets.

For various reasons, it may be beneficial for electronic and optoelectronic
devices to be grown on non-polar planes, for example, m-plane {10-10} or a-plane
{11-20}, or semi-polar planes, for example, {11-22}, {10-11} or {10-12}, of the
group-I11I nitride crystal. There is therefore a strong desire to make substrates
exposing these non-polar or semi-polar surfaces. In order to do this, a large group-III
nitride crystal is needed which has a large geometrical cross-section along those
planes. If the ammonothermal method is used to make crystals that will subsequently
be used as epitaxial substrates, it is important to preferentially grow faster along the c-
plane directions ([0001] and [000-1]) than the m-plane and a-plane directions. This
assumes, however, that growth along the m-plane and a-plane directions has been
large enough to produce substrates with adequate area in the non-polar and semi-polar
planes.

Thus, there is a need in the art for methods of controlling the relative and
absolute growth rates of all possible crystallographic planes of a group-III nitride
crystal during the ammonothermal growth of the crystal. The present invention

satisfies this need.

SUMMARY OF THE INVENTION

To overcome the limitations in the prior art described above, and to overcome
other limitations that will become apparent upon reading and understanding the
present invention, the present invention discloses a method for controlling relative and
absolute growth rates of all possible crystallographic planes of a group-III nitride
crystal during ammonothermal growth. The growth rates of the various exposed
crystallographic planes of the group-III nitride crystal are controlled by modifying the
environment and/or conditions within the reactor vessel, which may be subdivided
into a plurality of separate zones, wherein each of the zones has their own

environment and conditions. The environment includes the amount of atoms,
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compounds and/or chemical complexes within each of the zones, along with their
relative ratios and the relative motion of the atoms, compounds and/or chemical
complexes within each of the zones and among the zones. The conditions include the
thermodynamic properties cach of the zones possess, such as temperatures, pressures

and/or densities.

BRIEF DESCRIPTION OF THE DRAWINGS

Referring now to the drawings in which like reference numbers represent
corresponding parts throughout:

Fig. 1 is a schematic of a high-pressure vessel according to an embodiment of
the present invention.

Fig. 2 is a flowchart illustrating the method according to an embodiment of the

present invention.

DETAILED DESCRIPTION OF THE INVENTION

In the following description of the preferred embodiment, reference is made to
a specific embodiment in which the invention may be practiced. It is to be understood
that other embodiments may be utilized and structural changes may be made without

departing from the scope of the present invention.

Apparatus Description

Fig. 1 is a schematic of an ammonothermal growth system comprising a high-
pressure reaction vessel 10 according to one embodiment of the present invention.
The vessel, which is an autoclave, may include a lid 12, gasket 14, inlet and outlet
port 16, and external heaters/coolers 18a and 18b. A baffle plate 20 divides the
interior of the vessel 10 into two zones 22a and 22b, wherein the zones 22a and 22b
are separately heated and/or cooled by the external heaters/coolers 18a and 18b,
respectively. An upper zone 22a may contain one or more group-III nitride seed

crystals 24 and a lower zone 22b may contain one or more group-IlI-containing
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source materials 26, although these positions may be reversed in other embodiments.
Both the group-III nitride seed crystals 24 and group-IlI-containing source materials
26 may be contained within baskets or other containment devices, which are typically
comprised of an Ni-Cr alloy. The vessel 10 and lid 12, as well as other components,
may also be made of a Ni-Cr based alloy. Finally, the interior of the vessel 10 is filled

with a nitrogen-containing solvent 28 to accomplish the ammonothermal growth.

Process Description

Fig. 2 is a flow chart illustrating a method for obtaining or growing a group-
[II-nitride-containing crystal using the apparatus of Fig. 1 according to one
embodiment of the present invention.

Block 30 represents placing one or more group-III nitride seed crystals 24, one
or more group-IlI-containing source materials 26, and a nitrogen-containing solvent
28 in the vessel 10, wherein the seed crystals 24 are placed in a seed crystals zone
(i.e., either 22a or 22b, namely opposite the zone 22b or 22a containing the source
materials 26), the source materials 26 are placed in a source materials zone (i.e., either
22b or 22a, namely opposite the zone 22a or 22b containing the seed crystals 24). The
seed crystals 24 may comprise a group-IlI-containing crystal; the source materials 26
may comprise a group-IlI-containing compound, a group-III element in its pure
elemental form, or a mixture thereof, i.c., a group-IlI-nitride monocrystal, a group-I11-
nitride polycrystal, a group-Ill-nitride powder, group-Ill-nitride granules, or other
group-IlI-containing compound; and the solvent 28 may comprise supercritical
ammonia or one or more of its derivatives. An optional mineralizer may be placed in
the vessel 10 as well, wherein the mineralizer increases the solubility of the source
materials 26 in the solvent 28 as compared to the solvent 28 without the mineralizer.

Block 32 represents growing group-III nitride crystals on one or more surfaces
of the seed crystal 24, wherein the environments and/or conditions for growth include
forming a temperature gradient between the seed crystals 24 and the source materials

26 that causes a higher solubility of the source materials 26 in the source materials
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zone and a lower solubility, as compared to the higher solubility, of the source
materials 26 in the seed crystals zone. Specifically, growing group-III nitride crystals
on one or more surfaces of the seed crystal 24 occurs by changing the source
materials zone temperatures and the seed crystals zone temperatures to create a
temperature gradient between the source materials zone and the seed crystals zone
that produces a higher solubility of the source materials 26 in the solvent 28 in the
source materials zone as compared to the seed crystals zone. For example, the source
materials zone and seed crystals zone temperatures may range between 0 °C and 1000
°C, and the temperature gradients may range between 0 °C and 1000 °C.

Block 34 comprises the resulting product created by the process, namely, a
group-IlI-nitride crystal grown by the method described above. A group-IlI-nitride
substrate may be created from the group-Ill-nitride crystal, and a device may be

created using the group-IlI-nitride substrate.

Controlling Relative and Absolute Growth Rates

The present invention envisions controlling the relative and absolute growth
rates of all possible crystallographic planes of a group-I1I nitride crystal 34 during the
ammonothermal growth of the crystal 34. Specifically, the growth rates of the various
exposed crystallographic planes of the group-III nitride crystal 34 may be controlled
by modifying the environment and/or conditions within the vessel 10 of Fig.1 during
the process steps of Fig. 2, wherein the vessel 10 may be subdivided into a plurality of
separate zones 22a and 22b, each of these zone 22a and 22b having their own
environment and/or conditions.

In this context, the terms environment and conditions should be considered
rather loosely. For example, the environment may be interpreted as describing,
among other things, the amount of atoms, compounds and/or complexes within the
zones 22a and 22b along with their relative ratios, and the relative motion of the
atoms, compounds and/or complexes within each of the zones 22a or 22b, and among

the zones 22a and 22b. In another example, the conditions may be interpreted as

10
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describing, among other things, the thermodynamic properties of the zones 22a and
22b, such as, but not limited to, temperatures, pressures and/or densities of the zones
22a and 22b.

The environments and/or conditions within the vessel 10 that may be modified
are numerous. The following list, which is by no means complete and should not be
considered an exclusive list, describes possible methods that may be used to modify
the environments and/or conditions. These methods may be used either singly or in

combination to achieve the desired effects.

Ratio of group-III to group-V elements within the solvent

By varying the ratio of group-III elements to group-V elements making up the
solvent 28, it may be possible to control the growth rate of the different
crystallographic planes of the group-III nitride crystal 34. In order to achieve this
desired ratio of group-III to group-V elements, it is possible, for example, to mix one
or more nitrogen-containing fluids with one or more boron-containing fluids, and
bring the resultant mixture into a gas and/or supercritical state, in which state it may
act as the solvent 28 and transport medium of the source materials 26 for the
ammonothermal growth of the group-III nitride crystal 34 on the seed crystals 24. The
nitrogen-containing and boron-containing fluid may be composed of any possible
combination and any possible ratio of nitrogen-containing, boron-containing, and/or
boron- containing and nitrogen-containing compounds such as, but limited to, borane
(BH3), diborane (B;Hs), borazane (BNHg), borazine (BsN3Hg), ammonia (NH3),
hydrazine (N;Ha), triazane (N3Hs), tetrazane (N4Hs), triazene (N3H3), diimine (N,Hs),
nitrogen (N;) and nitrene (NH).

The ratio of group-III to group-V elements present during growth may further
be set initially prior to growth, but may also be varied by the addition of or removal of
material during, in-between or after the various steps involved in growing the group-
I nitride crystal 34 using the ammonothermal method. For example, it might be

possible during growth to add to the already existing solvent 28 within the vessel 10

11
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additional diborane in form of a gaseous fluid and therefore increase the group-III to
group-V ratio within the solvent 28. This may be achieved, for example, by lowering
the pressure within the vessel 10 to a level that is below the available supply pressure
of the gaseous diborane gas (this may be achieved by lowering the average
temperature of the vessel 10) and opening the inlet and outlet port 16 to supply the
vessel 10 with a predetermined amount of gas. After adding the desired quantity of
diborane gas, the port 16 is closed and the temperature may be raised to the desired
levels and/or to levels that would obtain the desired pressures within the vessel 10.

Additionally, it may be desirable to have the vessel 10 at a certain pressure
and temperature, but the concentration of the nitrogen-containing and/or boron-
containing compounds at certain concentrations within the vessel 10. Since the three
parameters of (1) pressure, (2) temperature and (3) density are interrelated, it may be
necessary to add additional material to the vessel 10 to obtain the desired pressure at
the given temperature. Therefore, this invention also envisions the possibility of
adding additional, non-nitrogen-containing and/or non-boron-containing compounds,
such as, but not limited to, hydrogen (H,), helium (He), neon (Ne), argon (Ar),
krypton (Kr), xenon (Xe), radon (Rn), fluorine (F,), chlorine (Cl,), bromine (Br,),
iodine (I,), and/or astatine (At,) to the vessel 10.

Temperature gradients within the vessel during growth

It may further be possible to control the relative and/or absolute growth rates
of the various crystallographic planes of the group-III nitride crystal 34 by varying the
temperature gradients within the vessel 10. These gradients may be made across
multiple zones 22a and 22b, namely, the source materials zone and the seed crystals
zone, and/or alternatively across any single zone 22a or 22b, namely, the source
materials zone or the seed crystals zone. The effect of creating one or more
temperature gradients may result in different kinetics and equilibrium
thermodynamics to be present near and/or at the surface altering the rate of absorption

of group-I1I and/or group-V elements, hence modifying the absolute and relative
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growth rates of the different crystallographic planes of the group-III nitride crystal 34.
The temperature gradients may further be varied during and/or in-between steps 30
and 32 in the process of growing the group-III nitride crystal 34 shown in Fig. 2.

Addition of mineralizers, gases, materials to the solvent

It may further be possible to control the relative and/or absolute growth rates
of the various crystallographic planes of the group-III nitride crystal 34 by
additionally adding one or more mineralizers and/or gases of any phase, form or
composition. One example of such an addition of material would be the addition of
sodium (Na). By adding sodium, it may act as a mineralizer and hence decrease the
ratio of the solvent 28, which may have its own group-III to group-V material ratio, to
group-I11 material dissolved in solution. Depending on the ratio of available group-I11
elements in solution intended to be incorporated into the group-III nitride crystal 34 to
the available nitrogen (N) material available for incorporation, the arrival rate of the
clements to/on the surface may vary and therefore the growth rates may vary.

Further by the addition of other material(s) and/or compound(s) and/or
complex(es), it may be possible to change the chemistry near/at the surface and/or the
physics involved in the uptake of material into of the group-III nitride crystals 34. The
effect of this may be manifold, but may effect the rate of absorption of material to the
surface and/or may change the relevant chemical and/or physical processes involved
in the growth of the group-III nitride crystal 34, further enhancing and/or modifying
the relative and absolute growth rates. One example of how the addition of
mineralizers and/or other gases and/or material may be beneficial to growth, may be
that the material that is added preferentially acts as a surfactant on the group-I11
nitride crystal 34, possibly enhancing and/or modifying growth rates of the various
crystallographic planes. A surfactant may be described as a material which
preferentially attaches itself to most, if not all, of the surface(s) of the crystal 34,
thereby possibly modifying the various chemical and/or physical properties of the

surface, but still remains permeable for the various group-III and group-V material
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which may diffuse through it to the underlying group-III nitride crystal 34. Further,
through the addition of one or more surfactant(s) to the seed crystals 24, it may be

possible to reduce impurity incorporation into the group-III nitride crystal 34.

Velocity of solvent motion relative to the crystal’s surface

By varying the velocity of the solvent 28 motion, it may be possible to control
the relative and absolute growth rates of the various crystallographic planes of the
group-III nitride crystal 34. The importance of the direction and/or speed of the fluid
motion is that both the rate at which material may be absorbed at the surface and/or
the local concentration of group-III and/or group-V material may be different. Hence,
by either increasing or decreasing the solvent 28 velocity, the local concentration of
group-I1I and/or group-V material may vary due to either a faster or slower
replenishing rate of the absorbed material and/or absorption rate of the material onto
the surface of the group-I1I nitride crystal 34. The relative direction of solvent 28
motion with respect to the crystallographic planes of the group-III nitride crystal 34 is
also important as depending on the angle of the velocity of the solvent 28 makes with
the surface, the physical and/or chemical processes at the surface involved in
absorbing material onto the crystal 34 may be varied, along with the local

concentration of material, further changing the growth rates.

Ratio of group-III containing source materials to solvent

It may further be possible to control the relative and/or absolute growth rates
of the various crystallographic planes of the group-III nitride crystal 34 by controlling
the ratio of group-IlI containing source materials 26 to solvent 28 ratio. By varying
this ratio, it may be possible to control the amount of source materials 26 in the
solvent 28 during the growth of the group-IlI nitride crystal 34 and hence vary the
arrival rate of the source materials onto the surface of the group-III nitride crystal 34.

The amount of surface area of the source materials 26 may also be an important
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property for this control mechanism. This ratio may further be controlled through the

addition of specific mineralizers, as discussed previously.

Absolute and partial pressures within the vessel

It may further be possible to control the relative and/or absolute growth rates
of the various crystallographic planes of the group-III nitride crystal 34 by controlling
the absolute and/or partial pressure of the different atoms and/or compounds within
the vessel 10. This may be achieved by changing the concentration(s) of the various
compounds and/or atoms comprising the solvent 28. This may include, but is not
limited to, adding additional borane (BH3), diborane (B,Hs), borazane (BNHg),
borazine (B;N3Hs), ammonia (NH3), hydrazine (N,Hy), triazane (N3Hs), tetrazane
(N4Hg), triazene (N3;H3), diimine (N;H;), nitrogen (N;), nitrene (NH) and/or hydrogen
(H») to the mixture.

Additionally, if it is desirable to increase the total pressure within the vessel 10
without changing the concentrations of the material(s) making up the solvent 28, this
may be done by adding atoms and/or compounds to the vessel 10 which are not
primary constituents of the solvent 28. Examples of gases that may be used and may
remain relatively inert in the vessel 10 include, but are not limited to, helium (He),
neon (Ne), argon (Ar), krypton (Kr), xenon (Xe), radon (Rn), fluorine (F3), chlorine
(Cly), bromine (Bry), iodine (I,), and/or astatine (At,).

The effect of changing the partial pressure and total system pressure of the
vessel 10 may change the rate at which group-III and/or group-V containing materials
arrive at the surface of the group-III nitride crystal 34 and incorporate themselves
thereon. Depending on the rate at which the group-III and/or group-V containing
materials arrive at the surface of the group-III nitride crystal 34 and depending on the
particular structure of the group-III and/or group-V containing compounds as they
arrive at the surface of the group-I1I nitride crystal 34, certain crystallographic planes
of the group-III nitride crystal 34 may be favored for growth, due to the prevailing

chemical and/or physical processes involved at the surface for that particular
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crystallographic plane of the group-III nitride crystal 34. The prevailing chemical
and/or physical processes involved at the surface of the group-III nitride crystal 34
may be a function of the particular crystallographic plane, due to the varying nature of
the exposed atoms (group-III and nitrogen) and the resulting electron configuration at
the surface, along with the spatial separation between the various atoms/electron
orbitals at the surface.

Further, by changing the total system pressure, it may be possible to change
the kinetics of the reactions involved in the growth process, further modifying the

growth rates.

Summary

In conclusion, control over which facet of the group-III nitride crystal 34 is
exposed during growth and the relative growth rates of the exposed surfaces of the
group-II1I nitride crystal 34 is of great importance as it may, for example, also lead to
the control of impurity and doping incorporation into the group-III nitride crystal 34
along with improved crystal 34 quality, which has been shown to be dependent on
which plane is exposed during growth, among other things.

With regard to future work, experimental tests need to be performed to
determine functional dependence of the ratio of group-III elements to group-V
clements to the relative growth rates of the different exposed crystallographic planes.
Additional steps also include optimizing the parameters to give an optimal result and

then incorporate scaling of this technology to larger reactor designs.

Conclusion

This concludes the description of the preferred embodiment of the present
invention. The foregoing description of one or more embodiments of the invention
has been presented for the purposes of illustration and description. It is not intended to
be exhaustive or to limit the invention to the precise form disclosed. Many

modifications and variations are possible in light of the above teaching. It is intended
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that the scope of the invention be limited not by this detailed description, but rather by

the claims appended hereto.
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WHAT IS CLAIMED IS:

1. A method for growing crystals, comprising:

(a) placing source materials and seed crystals into a vessel;

(b) filling the vessel with a solvent for dissolving the source materials and
transporting a fluid comprised of the solvent with the dissolved source materials to the
seed crystals for growth of the crystals; and

(c) controlling relative and absolute growth rates of crystallographic planes of the

crystal during growth, by modifying an environment and conditions within the vessel.

2. The method of claim 1, wherein the source materials comprise group-I1I-
containing source materials, the seed crystals comprise group-III nitride seed crystals, the
solvent comprises a nitrogen-containing solvent, and the crystals comprise group-I11

nitride crystals.

3. The method of claim 2, wherein the vessel is subdivided into a plurality of

zones, and each of the zones has their own environment and conditions.

4. The method of claim 3, wherein the environment comprises an amount of
atoms, compounds or complexes within each of the zones along with their relative ratios
and a relative motion of the atoms, compounds or complexes within each of the zones

and among the zones.

5. The method of claim 4, wherein the environment comprises a ratio of

group-I1I to group-V elements.

6. The method of claim 4, wherein the environment comprises an addition of

mineralizers, gases and materials to the solvent.

7. The method of claim 4, wherein the environment comprises a speed and

direction of the solvent’s motion relative to the crystal’s surface.
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8. The method of claim 3, wherein the environment comprises a ratio of

source materials to the solvent.

9. The method of claim 3, wherein the environment is modified by adding

materials to the vessel or removing materials from the vessel.

10.  The method of claim 3, where the conditions include thermodynamic

properties of materials in the zones, such as temperatures, pressures or densities.

11. The method of claim 3, where the conditions include one or more

temperature gradients within the vessel.

12.  The method of claim 3, where the conditions include absolute and partial

pressures within the vessel.

13.  An apparatus for growing crystals, comprising:

(a) a vessel for containing source materials and seed crystals,

(b) wherein the vessel is filled with a solvent for dissolving the source materials
and a fluid comprised of the solvent with the dissolved source materials is transported to
the seed crystals for growth of the crystals; and

(c) wherein relative and absolute growth rates of crystallographic planes of the
crystal are controlled during growth, by modifying an environment and conditions within

the vessel.

14.  The apparatus of claim 13, wherein the source materials comprise group-
II-containing source materials, the seed crystals comprise group-III nitride seed crystals,
the solvent comprises a nitrogen-containing solvent, and the crystals comprise group-I11

nitride crystals.

15.  The apparatus of claim 14, wherein the vessel is subdivided into a

plurality of zones, and each of the zones has their own environment and conditions.
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16.  The apparatus of claim 15, wherein the environment comprises an amount
of atoms, compounds or complexes within each of the zones along with their relative
ratios and a relative motion of the atoms, compounds or complexes within each of the

zones and among the zones.

17. The apparatus of claim 16, wherein the environment comprises a ratio of

group-III to group-V elements.

18.  The apparatus of claim 16, wherein the environment comprises an addition

of mineralizers, gases and materials to the solvent.

19.  The apparatus of claim 16, wherein the environment comprises a speed

and direction of the solvent’s motion relative to the crystal’s surface.

20. The apparatus of claim 15, wherein the environment comprises a ratio of

source materials to the solvent.

21.  The apparatus of claim 15, wherein the environment is modified by adding

materials to the vessel or removing materials from the vessel.

22.  The apparatus of claim 15, where the conditions include thermodynamic

properties of materials in the zones, such as temperatures, pressures or densities.

23.  The apparatus of claim 15, where the conditions include one or more

temperature gradients within the vessel.

24.  The apparatus of claim 15, where the conditions include absolute and

partial pressures within the vessel.
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PLACE SOURCE MATERIALS, SEED
CRYSTALS, SOLVENT AND (OPTIONALLY)
A MINERALIZER IN A REACTION VESSEL

GROW A CRYSTAL
ON THE SEED CRYSTAL
USING THE SOURCE MATERIALS
DISSOLVED IN THE SOLVENT

THE END RESULTIS A
GROUP-III NITRIDE CRYSTAL
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