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(57) Abstract: A method and apparatus [or
producing bulk single crystals (7) of AIN
includes a crystal growth enclosure (9) with Al
and N, source (11) material therein, capable of
forming bulk crystals. The apparatus maintains
the N, partial pressure at greater than stoichio-
melric pressure relative 1o the Al within the
arystal growth enclosure (9), while maintaining
the total vapor pressure in the crystal growth
enclosure (9) al super-atmospheric pressure. At
lcast onc nucleation site (19) is provided in the
crystal growth enclosure (9), and provision is
made for cooling the nucleation site relative to
other locations in the crystal growth enclosure
(9). The Al and N, vapor is then deposited to
grow single crystalline AIN (7) at the nucleation
site (19).
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METHOD AND APPARATUS FOR PRODUCING LARGE, SINGLE-CRYSTALS
OF ALUMINUM NITRIDE

Government Sponsorship

The U.S. Government may have certain rights in this invention pursuant to SBIR Coniract
N00014-98-C-0053 awarded by the Office of Naval Research, under SBIR Contract
F33615-00-C-5531 awarded by the Air Force Research Laboratory, and under SBIR
Contract F33615-00-C-5425 awarded by the Missile Defense Agency.

Field of the Invention

The present invention relates to the growth of single-crystal Aluminum Nitride (AIN),
and more particularly, to relatively large, single-crystal AIN, which are grown by
sublimation-recondensation at growth rates exceeding 0.5mm/hr.

Background Information

Status of Il-nitride technology using commercially available substrates

Several types of materials are routinely used to form semiconductor substrates. Sapphire
is popular, because relatively high-quality, inexpensive sapphire substrates are
commercially available. However, sapphire is far from being an ideal substrate for GaN
epitaxy. Its lattice mismatch to GaN is large (about 16%), it has little distinction between
the + and — [0001] directions which can give rise to +/- c-axis domains in epitaxial films
of GaN, and its differential thermal expansion can lead to cracking during the cooling
prdcess after the device fabrication process. In spite of those problems, recently, Nichia
Ltd (Japan) has announced the production of the first violet laser with commercial

possibilities (more than 10,000 hours of operating life) using sapphire substrates.
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Currently, LDs (Laser Diodes) are selling for around $2,000 apiece. Using sapphire
substrates leads to a costly fabrication process since it requires growing buffer layers and
using Lateral Bpitaxial Overgrowth techniques (LEO). Even though this announcement is
very promising, Nichia’s lasers still have problems. Some sources claim that heat builds
up in these lasers as they shine. Sapphire, with a very low thermal conductivity, traps that
heat, a fault that may trigger burnout down the road. To build an even more durable blue
laser, Nichia and others are investigating other alternatives such as free-standing
substrates. Tn this technique, the substrate is removed after a thick GaN layer is grown
atop the sapphire. This method leaves the GaN as the base for building the laser. This
base should be better at dissipating heat, in addition to matching the alloy layers above.

However, this alternative may increase fabrication cost.

Single-crystal substrates of SiC are attractive due to their close lattice match to AIN/GaN
in the plane perpendicular to the c-axis (the so-called c-plane) and high thermal
conductivity. In addition, SiC substrates can be made electrically conducting, which is
attractive for some applications (such as LEDs and LDs). However, 21T SiC (to match the
2H crystal structure of GaN) is not available and the lattice mismatch along the g-axis
between GaN and both 411 and 6H SiC is substantial. In addition, the chemical bonding
between the Group IV elements of the SiC and the Group-II or Group-V elements of the
nitrides is expected to create potential nucleation problems leading to electronic states at

the interface.

For devices that use GaN or Gay-IngN, nominally the most desirable substrate would be
large area GaN single crystal wafers. Several methods to grow bulk GaN crystals have
been proposed. While this possibility has become more attractive in the last few years, it
docs not appear to be commercially feasible to fabricate large bulk crystals of GaN in the

short term.

Tt may therefore be desirable to providc alternative substrates such as AIN, for fabricating

nitride-based (e.g., GaN) commercial devices. A sublimation-recondensation technique
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was developed for AIN crystal growth by Slack and McNelly (G.A. Slack and T.
McNelly, J. Cryst. Growth 34, 263 (1976) and 42, 560 (1977), hereinafter the “Slack
reference”). In this technique, polycrystalline source material is placed in the hot end of a
crucible while the other end is kept cooler. The crystal nucleates in the tip and grows as
the crucible is moved through the temperature gradient. This approach demonstrated
relatively slow crystal growth of 0.3mm/hr while the crystal growth chamber was
maintained at 1 atm (100 kPa) of N,. To make such substrates commercially feasible, it
would be desirable to increase the growth rate. A number of researchers skilled in art

have examined the possibility.

However, most artisans in this field have based their work on rate equations derived by
Dryburgh (Estimation of maximum growth rate for aluminum nitride crystals by direct
sublimation, J. Crystal Growth 125, 65 (1992)), which appear to overestimate the growth
rate of AIN and, in particular, suggest that the maximal growth conditions are near
stoichiometric vapor conditions, i.., the Al and N partial pressures should be adjusted so
that the Al partial pressure is twice that of the Nj. This for example, is a significant
teaching of U.S. Patent Nos.: 5,858,085; 5,972,109; 6,045,612; 6,048,813; 6,063,185;
6,086,672; and 6,296,956; all to Hunter. In addition, the art teaches that the N; partial

pressure should be maintained at less than atmospheric pressure.

Unfortunatcly, however, most attempts at increasing the growth rate of AIN crystals
under such stoichiometric and/or sub atmospheric pressure conditions have met with
limited success. In addition, it appears to be impossible to achieve the growth rate, or the
electronics-grade quality Hunter discloses in his patents with the nitrogen pressure below

one atmosphere.

Additional AIN work was completed by Segal et al. (A.S. Segal, S.Yu. Karpov, Yu.N.
Makarov, E.N. Mokhov, A.D. Roenkov, M.G. Ramm, Yu.A. Vodakov, “On mechanisms
of sublimation growth of AIN bulk crystals,” J. Crystal Growth 211, 68 (2000)). While

this work was published subsequently to the conception of the present invention, it
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appears to be the first peer reviewed publication to suggest that Dryburgh's
growth equations are incorrect. Segal et al., however, teach growth conditions
and experiments that are open, which allows the Al vapor to escape.
Disadvantageously, it would be difficult to grow large boules of AIN this way
since: (i) control of growth would be difficult (since it would be non-uniform across
the surface), (i) a large amount of Al would be wasted, (iii) the excess Al in the
rest of the furnace would create problems because of its high reactivity, and (iv) it
would be difficult to maintain high differences in temperature (a T) between the
source and growing crystal surface.

A need therefore exists for electronics-grade AIN substrates that address
the aforementioned drawbacks.
SUMMARY

An aspect of the specification describes an apparatus for the growth of
bulk single crystal aluminum nitride. The apparatus includes a housing defining a
growth chamber, the housing including a gas outlet configured for selectively
evacuating and venting the growth chamber, a gas inlet configured for
pressurizing the growth chamber, and a viewing port configured for pyrometric
monitoring of crystal growth temperatures within the growth chamber. A radio
frequency (rf) coil is disposed within the growth chamber and configured for
inducing an electromagnetic field therein. A quartz tube is disposed coaxially
within the coil. A first set of shielding is disposed coaxially within the quartz tube,
including from about 5§ to about 7 concentric pyrolytic boron nitride (pBN)
cylinders, each of the pBN cylinders having a wall thickness of greater than about
0.05 inches (0.13 cm), each of the cylinders having a length dimension along the
longitudinal axis greater than the length dimension of the coil. A second set of
shielding is disposed coaxially within the first set of shielding, the second set of
shielding including two concentric, open joint tungsten cylinders, each of the
tungsten cylinders having a wall thickness of less than about 0.005 inches (0.013
cm); each of the tungsten cylinders having a length dimension along the
longitudinal axis less than the length dimension of the rf coil. A push tube is
disposed coaxially within the second set of shielding; the push tube having a

proximal side and a distal side, the distal side including a set of metallic baffles
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having a center hole which provides for the pyrometric monitoring of crystal
growth temperatures, the proximal side including another set of metallic baffles. A
crucible is disposed coaxially within the push tube, the crucible having a conically
shaped distal end and a proximal end; the crucible defining a crystal growth
enclosure; the proximal end including a high purity, polycrystalline aluminum
nitride source material, the distal end being configured for growth of the bulk
single crystal aluminum nitride. The push tube is disposed on a push rod
assembly configured for sliding the crucible and the push tube along the
longitudinal axis. The first set of shielding and the second set of shielding are
configured to provide a thermal gradient axially within the cavity of the crucible of
greater than about 100°C/cm.

Another aspect of the specification describes a method for growing bulk
single crystals of aluminum nitride. The method includes utilizing the apparatus
described above, purging the growth chamber by evacuating the growth chamber
to a pressure less than or equal to about 0.01 mbar (1 Pa), and refilling the
growth chamber with substantially pure nitrogen gas to a pressure of about 1 bar
(100 kPa). The growth chamber is then evacuated to a pressure less than or
equal to about 0.01 mbar (1 Pa), and then pressurized to about 1 bar (100 kPa)
with a gas including about 95% nitrogen and about 5% hydrogen. The chamber is
heated to a first temperature, the heating including ramping the temperature of
the conical upper end of the crucible to about 1800°C in a period of about 15
minutes. The growth chamber is then pressurized to about 1.3 bar (130 kPa) with
the gas including about 95% nitrogen and about 5% hydrogen, and heated to a
growth temperature. A distal end of the crucible is then ramped to about 2200°C
in a period of about 5 hours. The push tube and the crucible are moved axially
through the growth chamber at a rate of about 0.6 to about 0.9 millimeters per
hour, wherein single crystals of aluminum nitride are grown.

A further aspect of the specification describes a method for growing bulk
single crystals of aluminum nitride. The method includes evacuating a growth
chamber, pressurizing the growth chamber to about 1 bar with a gas including
about 95% nitrogen and about 5% hydrogen, and placing source polycrystalline
AIN in a proximal end of a crystal growth enclosure. The method further includes

placing a distal end of the crystal growth enclosure in a high temperature region
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of the growth chamber, ramping the high temperature region to about 1800°C,
maintaining pressure in the growth chamber at about 1.3 bar, and ramping the
high temperature region to about 2200°C. The distal end of the crystal growth
enclosure is moved towards a low temperature region of growth chamber at a
rate of about 0.6 to about 0.9 millimeters per hour, wherein a single crystal of
aluminum nitride grows at the distal end of the crystal growth enclosure.

A still further aspect of the specification describes a method of producing
bulk single crystals of AIN, which includes providing in a crystal growth enclosure
Al and N, vapor capable of forming bulk crystals, maintaining in the crystal growth
enclosure a N, partial pressure which is greater than the stoichiometric pressure
relative to the Al, maintaining the total vapor pressure in the crystal growth
enclosure at super-atmospheric pressure, and providing at least one nucleation
site in the crystal growth enclosure. The method also includes cooling the
nucleation site relative to other locations in the crystal growth enclosure, and
depositing the vapor under conditions capable of growing single crystalline AIN
originating at the nucleation site. A variation of this aspect includes producing a
prepared substrate by cutting a wafer or a cylinder from the bulk single crystal;
preparing a surface on the wafer or cylinder receptive to an epitaxial layer; and
depositing an epitaxial layer or a complete crystal boule on the surface.

In one aspect the invention provides a method of producing single-crystal
AIN, the method comprising the steps of:

providing in a crystal growth enclosure a mixture comprising Al and N
vapor;

maintaining, in the crystal growth enclosure, a partial pressure of Na
greater than a stoichiometric pressure relative to the Al; and

depositing the vapor as single-crystalline AIN.

The specification also describes a system for producing bulk single crystals
of AIN. The system includes a source of Al and N, vapor, a crystal growth
enclosure for containing the vapor, and at least one nucleation site in the crystal
growth enclosure. The crystal growth enclosure has a selective barrier configured
to permit migration of N; therethrough, and to substantially prevent migration of Al
therethrough. A pressurization system is configured to maintain in the crystal

growth enclosure, a N; partial pressure greater than stoichiometric pressure
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relative to the Al, and to maintain the total vapor pressure in the crystal growth
enclosure at super-atmospheric pressure. A selective heating system is
configured to maintain the nucleation site at a temperature lower than at other
locations in the crystal growth enclosure.

In another aspect the invention provides a system for producing bulk single
crystals of AIN, the system comprising:

a crystal-growth enclosure for containing Al and N, vapor; and

a pressurization system configured to maintain, in the crystal growth
enclosure, a partial pressure of N greater than a stoichiometric pressure relative
to the Al, whereby the vapor is deposited as single-crystalline AIN
BRIEF DESCRIPTION OF THE DRAWINGS

The above and other features and advantages of this invention will be
more readily apparent from a reading of the following detailed description of
various aspects of the invention taken in conjunction with the accompanying
drawings, in which:

Fig. 1 is a graphical representation of crystal growth rate as a function of
nitrogen pressure, determined in accordance with aspects of the present
invention;

Fig. 2 is a schematic elevational view of an embodiment of an apparatus of
the present invention;

Fig. 3 is a schematic elevational view of an alternate embodiment of a
portion of the present invention useful with the apparatus of Fig. 2;

Fig. 4 is a schematic elevational view, on an enlarged scale, of a portion of
the embodiment shown in Fig. 3; and

Fig. 5 is a schematic elevational view of another embodiment of the portion
of the present invention shown in Fig. 3.

DESCRIPTION OF INVENTION

The present invention includes a method and apparatus for producing
aluminum nitride (AIN) substrates that advantageously have a relatively small
lattice mismatch (around 2.2%) with GaN, and have an almost identical thermal
expansion from room temperature to [000°C. These AIN crystals also
advantageously have the same wurtzite (2H) crystal

-10-
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structure as GalN and nominally the same type of piezoelectric polarity, Also, the
chemical compatibility with GaN is much better than that of the SiC. In addition, AIN
substrates tend to be attractive for Al,Ga; N devices requiring higher Al concentration
(e.g., for high temperature, high power, radiation hardened, and ultra-violet (UV)

wavelength applications).

Emerging optoelectronic and electronic devices based on the epitaxial growth of GaN and
AlyGay N layers may significantly benefit from such an improved substrate. The size of
the potential market, especially blue-violet light emitting diodes (LEDs) and laser diodes
(LDs), and the current development state of devices based on the available substrates
(sapphire and SiC) offer great possibilities to AIN as an alternative subsirates to compete
with those currently available. Also, the availability of high-quality AIN single crystal

substrates can open new possibilities in other applications.

An aspect of the present in‘)ention is the recognition that, contrary to the teachings of the
prior art, pressures above atmospheric pressure may be utilized to advantageously
produce single AIN crystals at relatively high growth rates and crystal quality. The
invention includes controlling the temperature difference between an AIN source material
and growing crystal surface, the distance between the source material and the growing
crystal surface, and the ratio of N; to Al partial vapor pressures. The invention include;
increasing the nitrogen pressure beyond the stoichiometric pressure to force the crystal to
grow at a relatively high rate due to the increased reaction rate at the interface between
the growing crystal and the vapor. This increase in the growth rate has been shown to
continue with increasing N, partial pressure until diffusion of Al from the source to the
growing crystal (i.e., the negative effects of requiring the Al species to diffuse through the
N, gas) becomes the rate-limiting step. The present invention also includes a technique
for establishing suitable nitrogen pressures for crystal growth, as will be discussed in
greater detail hereinbelow. Moreover, use of such higher-pressure nitrogen may have the
added benefit that it reduces the partial pressure of aluminum inside the growth crucible.

This may lead to longer crucible lifetimes and reduced wear on the rest of the furnace
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owing to a reduction in corrosion due to the Al vapor which may escape the crucible

inadvertantly.

The present invention also includes an apparatus (including a crystal growth cnclosure or
crucible) capable of providing a relatively sharp thermal profile, i.e., a relatively large
thermal gradient along a relatively short axial distance, for sublimation and
recondensation/nucleation. The crucible is configured to operate at an internal super-
atmospheric pressure. During operation, the crystal nucleates at a nucleation site (e.g., at
the tip of the crucible), and grows at a relatively high rate as the crucible moves relative
to the temperature gradient. As used herein, the term ‘axial’ refers to a direction relative
to the apparatus of the present invention, which is substantially parallel to push rod 17 as
shown in Fig. 2. Moreover, the term ‘nucleation site’ refers to a location of either seeded

or unseeded crystal growth.

Before describing the apparatus and method of operation in detail, a description of the
development and theory of the invention is in order. As early as 1998, the inventors
developed a model of N, and Al incorporation into a growing AIN crystal. Particular
aspects of this model are discussed in greater detail hereinbelow. It was found that the N,
molecule is relatively difficult to incorporate into a growing crystal, which leads to a
small condensation coefficient for this molecule. For this reason, the rate at which N
molecules collide with the AIN surface (i.e., the N, flux) when the crystal is in
equilibrium with a mixed vapor of Al and N, is much greater than the rate at which N
evaporates from the surface when the crystal is heated to the same temperature in a
vacuum (the so-called Langmuir evaporation rate). Using only the equilibrium pressures
and the measured Langmuir evaporation rate, the model was able to correctly predict the
maximum rate that AIN crystals could be grown in atmospheric pressure N,. More
importantly, the model showed that the crystal growth rate, in sublimation-recondensation
growth if limited only by the surface kinetics of N> incorporation, is directly proportional
to the N, pressure up to high pressures, which may be as high as 200 bar (20 MPa). This
result is quite different from most crystal growth systems where the kinetically limited
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growth rate at the surface is maximized when the gas mixture above the growing crystal
surface has the same stoichiometry as the growing crystal. We also find that the
Langmuir evaporation rate is almost 1000 times faster than the predicted AIN crystal
growth rate at atmospheric pressure (even when diffusion is neglected). It is generally
anticipated that one should be able to achieve growth rates comparable to the Langmuir
evaporation by going to stoichiometric gas mixtures. However, the AIN crystal growth
system is very different because of the difficulty in breaking the N, molecules into N

atoms which are then incorporated into the growing crystal.

While not wishing to be tied to a particular theory, the teachings of the present invention
enable this result to be understood by recognizing that the recondensation rate on the
growing seed crystal matches the evaporation rate from the polycrystalline AIN starting
material during steady-state crystal growth. The AIN starting material will sublime
stoichiometrically and produce Al and N, vapor (the concentration of other gas species is
believed to be too low to impact the growth rate). Thus, by controlling the nitrogen
pressure externally, the Al partial pressure may rise until a steady state is achieved
between evaporation at the hot surface and recondensation at the cold surface. Because
of the low condensation coefficient for Nj, it has been found that the rate of
evaporation/recondensation, as a function of temperature, is greater at nitrogen pressures
that exceed the average stoichiometric pressure for AIN when the source material is AIN

ceramic.

At relatively low N, pressures, for realistic temperature differences between the
polycrystalline starting material (11, Fig. 2) and the seed (7, Fig. 2), this effect leads to
relatively slow growth rates. This is a very different situation from crystal growth by
sublimation/recondensation when both species have near unity accommodation

coefficients such as the case in SiC.

Unfortunately, when the nitrogen pressure exceeds the stoichiometric partial pressure for

a given partial pressure of aluminum (when stoichiometric, Pnz =(1/2)Pa;), mass transport

10
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of the Al, relative to the nitrogen gas, to the growing crystal surface is generally needed.
Thus, at some point, the growth rate becomes limited by diffusion of Al atoms through
the gas phase even though the surface kinetics would continue to predict increased crystal
growth rale with increasing N pressure. Based on our current understanding of the
surface kinetics involved, it has been found that this cross-over point is only slightly
greater than 1 atmosphere for the growth geometry that was used by Slack and co-workers
in the aforementioned Slack reference, and as shown in Fig. 1. However, during
development of the present invention, it was found that this cross-over point is also
dependent upon the diffusion lengths required for Al transport (which was approximately
2 {0 5 cm in prior work). By reducing this (axial) length in embodiments of the present
invention, which have been specifically configured to create a very sharp thermal profile
in the work zone, it is has been found possible lo significantly increase the growth rate

relative to prior approaches.

Turning now to Fig. 1, the predicted AIN growth rate is shown as a function of Nj
pressure. The curves labeled with squares and crosses show the growth rates assuming
that it is limited by the diffusion of Al (for 2 2.5 cm or 1 cm diffusion length,
respectively) with no convection, while the third curve shows the predicted growth rate
assuming that the growth rate is limited by the surface kinetics of nitrogen incorporation
(ignoring gas-phase diffusion). The model assumes that the AIN source material is at
2300 °C while the growing crystal is maintained at 2200 °C. These calculations also
assume that the area of the evaporating surface and that of the growing crystal are equal
and that diffusion effects may be neglected. This last assumption, as shown, ceases to be
true at high enough N; pressure. The cross-over point generally depends on the

experimental geometry.
Embodiments of the present invention have demonstrated that the problem with diffusion
described above can be circumvented, at least in part, by providing a net flow of gas from

the source (11, Fig. 2) towards the growing crystal (7, Fig. 2) greater than that caused

simply by the evaporation and recondensation process. This may be obtained when a thin

11
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wall tungsten crucible (9, T'ig. 2) is used, and it may also be possible to obtain this effect
with other crucible materials that are pervious to nitrogen gas, or with other types of
selective barriers such as openings 20, 21, described hereinbelow with respect to Figs. 3-
5. Nitrogen is able to diffuse through thin-walled tungsten (W) crucibles at fairly high
rates at the crystal growth temperatures (~2300°C) used. The diffusion rate of Al through
the W walls is much lower. Thus, under equilibrium conditions, the partial pressure of
nitrogen inside the crucible is identical to that outside (e.g., in chamber 2, Fig, 2) the
crucible, while the total pressure of gasses inside the crucible may be higher due to the

partial pressure of the Al vapor.

However, once crystal growth is initiated and the AIN source is mairitained at a hi gher
temperature than the growing crystal, the nitrogen partial pressure at the cool end (e.g.,
location 19 of the growing crystal 7) of the crucible tends to become greater than at the
hot end, while the opposite is true for the aluminum pressure. Meanwhile, the total gas
pressure inside the crucible remains substantially uniform throughout to maintain
mechanical equilibrium. (As used herein, the term ‘mechanical equilibrium’ refers to
instances in whilch the total vapor pressure interior and exterior to the crystal growth
.chamber are substantially equal.) Thus, the nitrogen partial pressure at the cold end 19 of
the crucible tends to exceed the nitrogen pressure outside the crucible (within chamber 2)
while the opposite is true at the hot end. For this reason, nitrogen tends to diffuse out of
the crucible at the cold end and diffuse into the crucible at the hot end resulting in a net

flow of the gas mixture in the crucible from the AIN source toward the growing crystal.

While the understanding of this operation is new, its effect is consistent with the
experimental results achieved by Slack and McNelly (in the aforementioned Slack
reference) since their observed crystal growth rate of 0.3mm/hr nominally could not have
been achieved otherwise. In addition, Slack and McNelly observed that when pinholes
formed in the CVD W crucibles that they used, all the AIN vapor would escape. It has
been discovered by the present applicants that this occurs because (as explained above)

the total gas pressure in the crucible is greater than the nitrogen pressure outside the

12
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crucible. Once a pinhole opens up, the gas mixture in the crucible (containing Al and Nj)
starts being pushed out the hole. However, in this instance, nitrogen gas continues to
diffuse from the outside through the walls of the crucible because the partial pressure of
N; is lower in the crucible than it was outside. Thus, the pressure in the crucible may be
kept higher than the outside even when a pinhole is continuing to vent the gas mixture
from the crucible. The process typically continues until substantially all of the Al vapor

inside the crucible is exhausted.

Another source of additional gas flow may be generated by the selective absorption of Al
by the crucible walls.

Thus, in particular embodiments of the present invention, a crucible may be provided
with one or more openings (e.g., 20, 21) to facilitate nitrogen pressure
control/equilibration of the crucible, as will be discussed in greater detail hereinbelow

with respect to Figs. 3-5.

Growth Rate Model

As mentioned hereinabove, an aspect of the present invention was the understanding of
the applicable surface kinetics. The rate at which Al and N incorporate into the growing
AIN has generally been modeled in two approaches. In the first, it is assumed that the
nitrogen molscules N have a relatively low condensation coefficient compared to the Al
atoms due to a configurational barrier. In the second approach, it is assumed that the N,
molecules physisorb onto the AIN surface. These N; molecules are then assumed to be
kinetically hindered in the production of N atoms that can then incorporate into the AIN
crystal. We have modeled both approaches and both models lead to identical results.

The rate of change of the surface concentration [Al] of aluminum may be given by

d[Al] B
dar

K
:BAI&I‘CA:[AI]_B([AI]—[N’J- (1)
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Likewise, the rate of change of the surface concentration [N] of nitrogen atoms is

d[N K
A 298P - CuINT - B[[AIJ - Ns]) . @

In these equations, the first term represents the addition of molecules from the vapor. It is
assumed that all of the Al atoms stick but only a fraction » of the N; molecules condense
on the surface. The term [; represents the modified Hertz-Knudsen factor which is
proportional to the square root of mass of the i species (where i represents either Al or
N3) divided by the temperature. The condensation coefficient y in this model is not

subscripted since we assume that it only applies to the N, molecules.

In the equations above, the second term represents the evaporation of molecules into the
vapor., The C; term is a parameter introduced to describe the rate of evaporation of the i™
species. Note that the evaporation of N, molecules proceeds like the équare of the [N]
concentration on the surface. Finally the last term represents the incorporation (or
dissolution) of Al and N atoms into the crystal where B is another parameter that is
introduced. We assume that [Af] and [N] maintain an equilibrivm concentration on the

surface so as to obey

[4I]-[N]=K,, (€)

where K; is the equilibrivm constant. We also assume that the N and Al atoms on the
surface come into equilibrium very rapidly, which can be modeled by making the
assumption that B is very large. This tends to constrain the [Al] and [N] concentrations
to obey equation (3) almost exactly. The deviation from equilibrium tends to be just large
enough so that the time derivatives of [Al] and [N] are equal to zero once steady state is

achieved. The actual value of B is typically irrelevant under these circumstances.

These rate equations lead to a relatively simple cubic equation describing the net flux Fay

onto/off the surface of the AIN crystal,
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( ELSI;le - EHN] ‘(ﬁAIPAI _FAIN)Z = EL3' (4)

4ﬂ Al ‘Ps

Significantly, the only parameters appearing in this cubic equation are the Langmuir
evaporation rate Ey, and the stoichiometric nitrogen pressure Py. If is rather remarkable
that, in the limit of very large B, of the five free parameters that appear in Egs. (1) and
(2), only two parameters are needed in Eq. (4) to determine the net flux at any nitrogen
and aluminum partial pressure. Both of these parameters have been determined
experimentally although there is substantial uncertainty in the Langmuir evaporation rate

as pointed out earlier.

These equations thus support the use of increasing nitrogen pressure beyond
stoichiometric pressures, which is contrary to prior teachings as discussed hereinabove.
In the limit of a small value of 7 , on the order of 1079, it is possible to linearize this
expression to give Fan as a linear function of Pxy. The growth rate can be determined by

setting

FAIN(TH)=—FAIN(TC)' )

We have determined a simple expression for this growth rate that depends on the
difference in temperature A7=Ty-Tc and on the nitrogen pressure, which may be
conirolled independenily. If the effects of diffusion are ignored (so that the partial
pressures of N and Al are constant in the region between the source and seed), Tor a
given AT and N; pressure, the Al pressure tends to adjust itself to some value
intermediary to the equilibrium Al pressures at the hot and cold surfaces so as to force Eq.

(5) to be true. In this case,

Fuy = 4, (AT, T )Py, . ©)

The value of Faw is linear in AT for AT £100°C. We find that the linear dependence of
T on Py is valid (within 1%) between 0 and 200 bars of nitrogen gas for the
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experimentally determined values of Ey and P in the temperature range 2000°C < Ty <

2500°C. We have determined

A4,(AT =50°C,T,; = 2300°C) = 0156 mm-hr' - bar™', Q)

using the data of Bolgar et al. (A.S. Bolgar, S.P. Gordienko, E.A. Ryklis, and V.V.
Fesenko, in “Khim. Fiz. Nitridov”, p. 151-6 (1968) [Chem. Abstr. 71, 34003] (1969) ]).
for the Langmuir evaporation rate (259 mm/hr) and the equilibrium, stoichiometric
nitrogen pressure determined from the JANAF tables (M.W. Chase et al. “JANAF
Thermochemical ;Fables”, Third Edition (1985), see J. Phys. Chem. Ref. Data 14,
Supplement No. 1 (1985)), Py(2300°C) =0.13 bar. This equilibrium pressure would lead
to an effective growth rate of 18.9 m/hr if all the nitrogen and aluminum stuck to the
surface without re-evaporation and Pa; = 2Py,=P;, such as shown in Fig. 1. These
calculations assume that the area ofithe evaporating surfacc and that of the growing
crystal are equal and that diffuision effects may be neglected. This last assumption is

rather important and, as Fig. 1 shows, ceases to be true at high enough N, pressure.

The observed growth rate in the Slack reference for Ty = 2300°C and T¢ ~ 2200°C tun in
0.95 bar of N; plus 0.05 bar of H; was 0.3mmv/hr. This should be compared with the
theoretically determined growth rate of 0.32mm/hr. This is a remarkable agreement given
the uncertainties in the experimental data for the Langmuir evaporation rate and in the
measured growth rate by Slack and McNelly. Note that there are no adjustable
parameters in the way that this theory was developed, the theory only depends on the
experimentally determined equilibrium pressures and the measured Langrhuir evaporation
rates. Note also that the experiment was conducted in a crucible where the growing
crystal surface was smaller than the evaporating AIN source material. This tends to lead
to an amplification of the observed growth rate. It should also be noted that these
equations predict a theoretical growth rate of 0.020 mm/hr at the stoichiometric nitrogen
pressure (0.13 bar) at a source temperature of 2300°C and a AT of 50°C.

16
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Crystal Growth Furnace

Turning now to Fig. 2, the apparatus (e.g., furnace) of the present invention is described.
As shown, the furnace includes a heating source 6, such as a radio-frequency coil, that
induces an eléctro—magnetic (EM) field within growth chamber 2. This EM field couples
with a metallic susceptor (push tube) 3 located concentrically inside the coil and provokes
heat generation by the Joule effect on it. (Although in a useful embodiment, ‘
susceptor/tube 3 is cylindrical, i.e., has a circular axial cross-section, as used herein, the
terms' ‘tube’ or ‘tubular’ also include tubes of non-circular axial cross-section.) The
relative position and dimension of the push tube with respect to the shielding elements
and coil creates a thermal gradient along the walls of the susceptor 3, i.e., in the axial
direction. A crucible 9 is disposed concentrically within tube 3, and includes the highly
purified source material 11 at a proximal end thereol (polycrystalline AIN) and

eventually, the growing AIN crystal 7 at the distal end (e.g,, at tip 19) thereof,

The crucible 9 may be fabricated from material such as tungsten or thehjuln or tantalum
nitride, having walls such as discussed hereinabove, which are thin enough to form a
barrier which selectively permits and prevents the respective diffusion of nitrogen and
aluminum, therethrough. Alternatively, the crucible may be configured with openings

configured to effect similar selectivity, as discussed in greater detail hercinbelow.

Metallic baffles 13, 4 are disposed at proximal (e.g., bottom) and distal (e.g., top) ends,
respectively, to help control the temperature gradient along the crucible axis. One may
selectively remove some of the baffles from the distal end relative to the proximal end to
achieve the desired temperature gradient. The top set of baffles may include a center hole
that facilitates temperature measurement at the tip of the cruciblc using a conventional
pyrometer 1. If the operational conditions are adequate in terms of pressure, temperature,
and displacement rate of the crucible respect to the gradient, a single crystal boule 7 is

formed at the distal (tip 19) end of crucible 9.
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An aspect of this invention is the arrangement of the shielding elements in the system that
allows setting an adequate thermal gradient along the walls of push tube 3. As shown,
there are two distinct sets of shielding elements around the push tube. The first set
includes two concentric open-joint tungsten cylinders 8, each having a thickness of less
than about 0.005” in a desired embodiment. The skilled artisan will recognize that other
refractory metals such as molybdenum or rhenium may be substituted for W. The term
‘open-joint’ refers to the cylinders 8 having an open longitudinal seam (i.e., the cylinders
tonot extend a full 360 degrees) so that there is no continuous électrical path around the
cylinder. This helps to prevent the cylinders from coupling to the rf fields and becoming
too hot and/or absorbing power intended for heating the crucible. Both the open-joint and
the thickness are chosen to minimize the coupling between these metallic parts and the
450 MHz rf electromagnetic field. In addition, cylinders 8 are preferably axially shorter
than rf coil 6 and located nominally in the center of the coil 6 (e.g., both concentrically
with coil 6 and equidistantly from both (axial) ends thereof) to avoid inducing local non-
axial-symmetric hot spots on shields 8. The second set of shields 10 desirably include
pyrolitic boron nitride (pBN) cylinders (c.g., approximately five to seven cylinders, in
particular embodiments), which in desirable embediments, are at least 0.050 inches (1.3
mm) thick and several centimeters longer than rf coil 6. While a purpose of the pBN
shields 10 is to thermally insulate the tube 3 to obtain the desirc temperature in the work
zone, the mission of the metallic shields 8 is two-fold. Shields 8 serve as heat reflectors
causing the temperature in the center of the hot zone to be much higher than at the coil
ends. In addition, they serve to protect the push tube 3 from picking up boron generated
by the continuous sublimation of the pBN shields 10. (Boron has a eutectic point with
tungsten at the growth temperatures used in this invention if the boron concentration
exceeds some value. Once the boron picked up by the push tube is higher than that value,
a liquid phase tends to form on the skin of the push tube leading to its failure.) The
shielding arrangement described hereinabove advantageously produces a sharp thermal
gradient on the crucible 9 (e.g., over 100 °C/em) as its tip 19 moves axially beyond the
metallic shields 8. As discussed hereinabove, this relatively large gradient has been

shown to facilitate large growth rates. As also shown, the shields 8, 10 may be enclosed
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in a dielectric tube (5) fabricated from quartz or other suitable material, to insulate the

coil 6 from the metallic elements of the system and prevent arcing, etc. with them.

As also shown, the furnace includes a crucible pedestal 12 disposed within push tube 3,
for supportably engaging crucible 9 within tube 3. The push tube 3 is itself supported by
push tube pedestal 14, which is engaged by push rod 17 for axial actuation thereby.
Shielding pedestal 15 supportably engages pBN shields 10, and gas outlets and inlets 16

and 18, respectively enable vacuum/venting and pressurization.

In alternate embodiments of the present invention, as shown in phantom, the apparatus of
the present invention may include a controller 24, such as one or more computers or
microprocessors and suitable instruction set(s) (e.g., software), coupled to actuators and
the like, sufficient to automate all or portions of the operation of the furnace. For
example, as shown, controller 24 may be communicably coupled to heater 6 and to
pyrorﬁeter 1, to form a conventional closed-loop system capable of maintaining chamber
2 at desired temperatures in response to execution of various temperature ramp routines 4
by the controller. Controller 24 may be similarly coupled to a conventional vacuum pump
28, and to an electronically actuatable valve 30 disposed at gas outlet 16, to automatically ,
effect evacuation and venting of chamber 2. Controller 24 may also be coupled to valve
32 disposed at gas inlet 18 to effect pressurization of the chamber, while the controller is
also coupled to an actuator 34 to automatically control operation of push rod 17. The
skilled artisan will recognize that controller 24 may be coupled to conventional pressure
and position sensors (not shown) disposed within chamber 2 to provide closed-loop

feedback to control the gas pressure and push rod position.

In still further embodiments, crucible 9 may be provided with one or more openings 20 or
21 that allow the nitrogen partial pressure inside the crucible to be controlled by the
nitrogen (N3) pressure outside the crucible, while minimizing the amount of Al vapor that
escapes from crucible 9. This goal may be accomplished by allowing the nitrogen to

diffuse through a relatively thin-walled tungsten (W) crucible, such as used in the Slack
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reference. Such a W crucible may be welded shut so the only route for Al to escape the
crucible is by diffusion through the walls. Since N3 is able to diffise through W much
more rapidly than Al, this procedure was effective. In this event, the walls of the crucible
need to be kept relatively thin to allow the N inside to equilibrate with the Nj outside in
areasonable amount of time. Otherwise, the time required to equilibrate (i.e., through
relatively thick-walled crucibles may be prohibitive. Disadvantageously, however,
relatively thin-walled W crucibles tend to have a lifetime that is too short to grow
relatively large crystals. Other disadvantages of this thin-walled approach include the'
need to evacuate the crucible prior to electron-beam welding, and the expense of such

welding,

Thus, embodiments of the present invention provide mechanical approaches to allow the
nitrogen to equilibrate, while minimizing the escape of Al vapor. Turning now to Figs. 3-
4, one approach is shown as used in a two-piece crucible 9°, which includes a base
portion 25 which is threadably engagable with a tip portion 27. This approach includes
providing (e.g., by drilling) a hole 20 in crucible 9* to allow nitrogen flow during heating
phases 40, 44 (described hereinbelow), but which is small enough to allow only minimal
diffusion of Al vapor through the hole once the total pressure in the crucible is equal to
the total pressure outside the crucible. As best shown in Fig. 4, in particular exemplary
embodiments, this may be accomplished by drilling a 25mil (0.63mm) diameter hole 20
into proximal end 25 of crucible 9°, (although it may also be provided elsewhere, such as
in distal end 27) and then using a 20mil (0.50mm) diameter wire 23 to plug the hole. The
nominally 0.13mm clearance (best shown in Fig. 4) provided by this assembly has been
shown to successfully allow the nitrogen pressure to equilibrate prior to growth and,
during growth. Moreover, it was small enough so that the diffusion of Al vapor through it
was acceptably low, or was so small that it effectively became plugged during growth, to
substantially prevent Al diffusion. The skilled artisan will recognize that this crucible 9

may be’ used with or without hole 20 and wire 23.
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Turning now to Fig. 5, as mentioned above, another approach is to provide a horizontal-
seal (opening) 21, by providing a two-piece crucible 9 including the proximal end 25°
containing source 11, and the distal end 27’ containing crystal 7. The mating surfaces of
the two ends that form seal 21 are configured to be sufficiently smooth so that there is
little, if any, ability for gas to diffuse therethrough if the interior and exterior crucible
pressures a.re at equilibrium. However, the seal 21 will permit (i.e., be unable to resist)
gas flow from either inside the crucible or outside the crucible if the pressures are not
substantially equal. As shown, seal 21 is disposed in a substantially central region of the
crucible where no deposition of AIN will occur, e.g., by disposing the seal in the hottest
region of the crucible 9 during crystal growth. This disposition of the seal effectively
prevents the AIN growth from opening seal 21 and thereby permitting unacceptably high

levels of Al vapor diffusion therethrough.
Having described the principles and apparatus of the present invention, the method of

operation, i.., the actual growth process using the system described above, is now

described in conjunction with the following Table 1.

Table 1

30 | Evacuate chamber

32 | Refill chamber with nitrogen gas

34 | Repeat steps 30, 32

36 | Pressurize chamber to 1 bar with a gas comprising about 95-100% N and 0-5%
Hy

37 | Place source matcrial in proximal end of crucible

38 | Place crucible in tube, with tip 19 in high temperature region at proximal end of
shield 8

40 | Ramp temperature of crucible tip to about 1800 °C

42 | Maintain gas at a predetermined super-atmosphetic pressure

44 | Ramp temperature to growth temperature

46 | During step 44, continuously adjust pressure to maintain it at the pressure of step
42

48 | Once growth temperature is reached, pushrod is actuated to move crucible tip
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towards distal end of chamber 2

50 | Maintain constant pressure during step 48

52 | Stop movement of push rod 17

54 | Ramp furnace to room temperature

Crystal growth initially involves evacuating 30 the chamber 2 (Fig. 2) e.g., to pressures
on the order of 0.01 mbar (1 Pa) using a vacuum pump. The chamber 2 is then refilled 32
with nitrogen gas. This step is preferably repeated 34 several times to minimize oxygen
and moisture contamination. The chamber is then pressurized 36 to about 1 bar (100 kPa)
with nitrogen gas which is preferably mixed with a small amount of hydrogen. For
example, a gas including about 95-100% N; and 0-5% Hj is useful. Exemplary
embodiments use about 3% H, and 97% N; due to commercial availability of gas
premixed at these percentages. Polycrystalline AIN source material 11 is placed 37 at a
proximal end of crucible 9. The crucible 9 may then be evacuated and sealed, or may be
provided with openings 20, 21 as described hereinabove. The crucible is then disposed 38
concentrically within tube 3, with tip 19 in the high temperature region of the furnace
(i.e., nominally within the proximal end of shield 8). The temperature is then ramped 40
to bring the tip of the crucible to a temperature of approximately 1800 °C, in particular
embodiments, within about 15 minutes. At the end of this temperature ramp, the gas
pressure is set and maintained 42 at a predetermined ’super-atﬁlospheric pressure, and the
temperature is ramped 44 to a final crystal growth temperature, e.g., in about 5 hours.
During this ramping 44, the pressure is continuously adjusted 46, e.g., using a vent valve
(not shown) to maintain it at that fixed value. The goal of this ramping 44 is to enhance
the purity of the source material 11 by permiiting part of the oxygen still contained within
it to diffuse out of the crucible (e.g., through the crucible walls). This diffusion occurs
because the vapor pressure of the aluminum suboxides (such as Al;O, AlQ, etc.),
generated due to the presence of oxygen in the source material, is known to be higher

than that of Al over AIN for the same temperature.

Once the growth temperature is reached, the pushrod is actuated 48 to move crucible tip

19 towards the distal end of chamber 2, and relative to the thermal gradient. As discussed
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hereinabove, the crucible tip 19 is initially located within the highest temperature region
of the susceptor 3 at the beginning of the growth run. As the push tube moves upwards
(i-e., towards the distal end of the furnace 2, tip 19 becomes cooler than the source
material 11 which promotes effective mass transport from the source material 11 to the
colder tip 19 of the crucible. (As shown and described, the push tube 3, including crucible
9 disposed therein, is moved axially upon actuation of push rod 17. However, push rod 17
may alternatively be configured to move crucible 9 axially relative to tube 3, without

departing from the spirit and scope of the present invention.)

During the growth process, the pressure is maintained at a constant predetermined value.
The most appropriate value for this pressure typically depends on the axial spacing
between the source matcrial 11 and the (closest) surface of the growing crystal 7, as well
as the rate of nitrogen diffusion through the crucible walls or flow through the predrilled
holes. It may also be appropriate to actively adjust the gas pressure over a relatively
narrow range during crystal growth to compensate for any changes in the spacing between

the surface of the sublimating source and growing crystal surface.

In particular embodiments, a value of 18psi has been used to demonstrate growth rates of
0.9mm/hr with a source 11 to crystal surface 7 separation of approximately 2cm and the
use of either CVD W (Chemical Vapor Deposited Tungsten) or powder metallurgy W
crucibles (such as described in commonly assigned U.S. Patent Application Serial No.
10/251106, entitled, Power Metallurgy Tungsten Crucible for AIN Crystal Growth, which
is fully incorporated by reference herein). The source to growing crystal surface distance
may vary during the growth run if the area of the growing crystal surface is different than
the surface area of the source material and the growth rate (i.e., axial rate of movement of
the crucible through the temperature gradient) may need to be adjusted to account for this
change. However, typically the surface arca of the source and growing crystal surface
will be kept nominally constant and approximately the same size so that the separation
between the source and growing crystal surface will remain about constant during most of

the growth.
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Finally, the movement is stopped 52 and a cooling ramp 54 is established to bring the
system to room temperature. Using pressures in the range 100 kPa to 150 kPa (1 atm to
1.5 atm), single crystal boules have been grown at an axial pushing rate ranging between
0.6 and 0.9 mm/h. By adjusting the distance between the source material and the growing
crystal surface, and by adjusting the temperature gradient, other nseful growth conditions
may be obtained. Hence, skilled practitioners may usefully use various embodiments of
the present invention with total chamber pressures from 50 kPa to 1MPa (0.5atm to

10atm) and axial pushing/growth rates of 0.5 to about 3 mm/h.

Advantageously, embodiments of the present invention provide an AIN crystal growth
system capable of controlling the N; partial pressure independently of the Al partial
pressure, while substantially preventing significant amounts of Al from escaping from the
growth crucible. These embodiments thus teach and facilitate use of partial nitrogen
pressures greater than stoichiometric, and the use of total vapor pressures at super

atmospheric levels (i.e., greater than 1 (one) atmosphere).

Although the foregoing description relates to AIN crystal growth, the skilled artisan will
recognize that various aspects of the foregoing description may be used to fabricate other
crystalline substrates, such as ZnO, LiGa0,, MgAL;0,, or Si, without departing from the

spirit and scope of the present invention.

The growth of the bulk single crystal of AIN has been described primarily herein as being
accomplished by what is commonly referred to as a "sublimation" technique wherein the
source vapor is produced at least in part when crystalline solids of AIN 6r other solids or
liquids containing AIN, Al or N sublime preferentially, However, as also disclosed
herein, the source vapor may be achieved in whole or in part by the injection of source
gases or like techniques that some would refer to as "high temperature chemical vapor

deposition". Also, other terms are sometimes used to describe these and other techniques
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that are used to grow bulk single AIN crystals according to this invention.
Therefore, the terms "depositing”, "depositing vapor species” and like terms will
sometimes be used herein to generally cover those techniques by which the
crystal may be grown pursuant to this invention.

Moreover, the AIN boules fabricated using the embodiments described
hereinabove, may be used to produce a prepared substrate, cutting a wafer or
cylinder from the bulk single crystal, preparing a surface on the wafer or cylinder
in a known manner to be receptive to an epitaxial layer, and depositing an
epitaxial layer on the surface using conventional deposition techniques.

The skilled artisan will also recognize that while various embodiments of
the present invention have been described herein as utilizing a seed crystal to
promote crystal growth, the teachings herein may also be used for unseeded
crystal growth, without departing from the scope and spirit of the present
invention.

The modifications to the various aspects of the present invention described
hereinabove are merely exemplary. It is understood that other modifications to the
illustrative embodiments will readily occur to persons with ordinary skill in the art.
All such modifications and variations are deemed to be within the scope and spirit
of the present invention as defined by the accompanying claims.

Comprises/comprising and grammatical variations thereof when used in
this specification are to be taken to specify the presence of stated features,
integers, steps or components or groups thereof, but do not preclude the
presence or addition of one or more other features, integers, steps, components

or groups thereof.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:

1. A method of producing single-crystal AIN, the method comprising the steps
of:

providing in a crystal growth enclosure a mixture comprising Al and N,
vapor,

maintaining, in the crystal growth enclosure, a partial pressure of N,
greater than a stoichiometric pressure relative to the Al; and

depositing the vapor as single-crystalline AIN.

2. The method of claim 1 further comprising maintaining, in the crystal growth

enclosure, a partial pressure of N, greater than the Al partial pressure.

3. The method of claim 1 further comprising maintaining, in the crystal growth
enclosure, a partial pressure of N; at least two times greater than a stoichiometric

pressure relative to the Al.

4. The method of any one of claims 1 to 3 wherein the mixture further

comprises from zero to 5% hydrogen.

5. The method of any one of claims 1 to 4 further comprising the step of
maintaining the total vapor pressure in the crystal growth enclosure at super-

atmospheric pressure.

6. The method of any one of claims 1 to 5 further comprising the steps of:
providing at least one nucleation site in the crystal growth enclosure; and
cooling the nucleation site relative to other locations in the crystal growth

enclosure so as to promote deposition of the vapor as single-crystalline AIN.

7. The method of claim 6 further comprising the step of generating a

macroscopic flow of Al and N, vapor past the nucleation site.
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8. The method of claim 6 or 7 wherein the cooling step comprises subjecting
the crystal growth enclosure to a varying temperature gradient during the
depositing step.

9. The method of claim 8 wherein the step of subjecting the crystal growth
enclosure to a varying temperature gradient is accomplished by moving the
crystal growth enclosure through a fixed temperature gradient at a rate ranging
from at least about 0.5 mm/h to about 3 mm/h.

10.  The method of any one of claims 1 to 9 wherein the step of providing vapor
comprises vaporizing Al and N, from solid AIN or injecting at least one source

gas.

11.  The method of any one of claims 1 to 9 wherein the step of providing vapor
comprises subliming a solid source material.

12.  The method of any one of claims 1 to 11 further comprising the step of
maintaining a total vapor pressure in the crystal growth enclosure ranging from at
least about 50 kPa up to about 1MPa.

13. A system for producing bulk single crystals of AIN, the system comprising:
a crystal-growth enclosure for containing Al and N, vapor; and
a pressurization system configured to maintain, in the crystal growth
enclosure, a partial pressure of N, greater than a stoichiometric pressure relative

to the Al, whereby the vapor is deposited as single-crystalline AIN.

14. The system of claim 14 wherein the pressurization system is further

configured to maintain a total vapor pressure at super-atmospheric pressure.

15. The system of claim 13 or 14 wherein the crystal-growth enclosure
comprises at least one nucleation site, the system further comprising a selective
heating system configured to maintain the nucleation site at a temperature lower

than at other locations in the crystal-growth enclosure.
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16.  The system of any one of claims 13 to 15 wherein the AIN is deposited on
a preselected seed crystal within the crystal-growth enclosure, the system further
comprising a selective heating system for maintaining the seed crystal at a

temperature lower than at other locations in the crystal-growth enclosure.

17. The system of claim 15 further comprising means for generating a
macroscopic flow of Al and N, vapor past the nucleation site.

18.  The system of claim 13 wherein the crystal-growth enclosure comprises a
selective barrier configured to permit migration of Ny therethrough, but to

substantially prevent migration of Al therethrough.

19. The system of claim 15 wherein the selective barrier comprises a wall

fabricated from tungsten.

20. The system of claim 19 wherein the selective barrier comprises an opening
within the crystal growth enclosure sized and shaped to permit diffusion

therethrough of N2, while substantially preventing diffusion therethrough of Al.

21.  The system of claim 19 wherein the selective barrier comprises a seal
configured to substantially prevent passage of vapor therethrough when vapor
pressures interior and exterior to the crystal growth enclosure are at mechanical
equilibrium, and to permit passage of vapor therethrough when the vapor
pressures are not at mechanical equilibrium.

22.  The system of claim 15 or 16 wherein the selective heating system
comprises means for subjecting the crystal growth enclosure to a varying

temperature gradient as the vapor is deposited.

23.  The system of claim 22 wherein the selective heating system comprises
means for moving the crystal growth enclosure through a fixed temperature
profile at a rate ranging from at least about 0.1 mm/h to about 3 mm/h.
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24, The system of claim 22 or 23 wherein the selective-heating system is
configured to maintain the solid AIN source at a temperature of 1800 °C to
2500 °C and the seed or nucleation site at a temperature 20 °C to 500 °C cooler.

25. The system of any one of claims 13 to 24 further comprising means for
providing vapor by vaporizing Al and N, from solid AIN.

26. The system of any one of claims 13 to 24 further comprising means for

providing vapor by injecting at least one source gas.

27.  The system of any one of claims 13 to 24 further comprising means for

providing vapor by subliming a solid source material.

28. The system of any one of claims 13 to 27 wherein the pressurization
system is configured to maintain a total vapor pressure in the crystal growth
enclosure ranging from at least about 50 kPa up to about 1 MPa.

29. The method substantially as hereinbefore described with reference to the

drawings.

30. The system substantially as hereinbefore described with reference to the

drawings.
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