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CRYSTALLINE GALLIUM NITRIDE AND
METHOD FOR FORMING CRYSTALLINE
GALLIUM NITRIDE

BACKGROUND OF THE INVENTION

The invention relates to methods for forming crystalline gallium
nitride. In particular, the invention relates to methods for high temperature growth of
ciystalline gallium nitride in a supercritical solvent.

Crystalline gallium nitride is useful as a material for appiications in
electronic devices including, but not limited to, light-emitting diodes and laser diodes.

- Currently, gallium nitride (GaN) crystal size and growth, which are produced by

known processes, arc adequate for some applications, however for many other

applications, the gallium nitride crystalline size and quality arc not adequate.

Several processes are ciu'rcntly used to produce gallium nitride
crystalline substrates. The processes include heteroepitaxial growth 6f gallium nitride
bn a substrate, such as a sapphire ot silicon carbide. The heteroepitaxial growth
process often results in defects, wiich include, but are not limited to, high
concentrations of at least one of dislocations, vacancies, and impurities. These defects
may have undesirable and detrimental effects on epitaxially grown gallium nitride,
and may adversely influence operation of *he resultant gallium nitride-based electronic
device. These adversé influences include compromised electronic performance and
operation.  Presently, heteroepitaxial gallium nitride growth processes require

compiex and tedious steps to reduce defect concentrations in the gallium nitride.

Known gallium nitride growth processes do not provide large gallium

. nitride crystals, for example gallium nitride crystals greater than about 0.8 inches

(about 2 centimeters) in diameter or greater than about 0.01 inches (about 250
microns) in thickness. Further, the known methods are not known to provide for
production of large gallium nitride crystals that result in single-crystal gallium nitride
boules, for example gallivm nitride crystals of about 1 inch in diameter and about 0.5
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forms crystalline galliumnitride. The process conprises the steps of
providing a source galliumnitride (15); providing mneralizer (17);
providing solvent (17); providing a capsule (10); disposing the source
gal- litumnitride, mneralizer and solvent in the capsule; sealing the
capsul e; disposing the capsule in a pressure cell (1); and subject ing the
pressure cell to high pressure and high tenperature (HPHT) conditions for
a length of time sufficient to dissolve the source galliumnitride and
re-precipi inghes irhthidoess; avigelh lareu seitabler fadfoiming wiafers. e duspagplipatibng for
nitride crystal. The invention also provides for galliumnitride crystals
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provide high-quality gallium nitride crystals that possess low concentrations of

5 impurities and dislocations with adequate size and growth rates for electronic device
applications. Further, the known gallium nitride crystal production processes'are not
believed to provide an economical process with nitride growth rates that enable
moderate-cost gallium nitride crystal production. Therefore, applications for gallium

nitride are further limited due to quality and cost-of-production factors.

10 Small gallium nitride crystals, such as platelets and needles, have been
grown by reaction of nitrogen (Nz) gas with gallium (Ga) metal at pressures in a range
from about 10 to about 20 kbar and at temperatures in a range of about 1200°C to
about 1500°C. The gallium nitride 'crystalline quality produced by this process may
be adequate, in terms of dislocation density, for some gallium nitride applications.

15 The gallium nitride crystalline quality formed by this process, however, exhibits a
high concentration of undesirable nitrogen-vacancy defects, which adversely
influences certain gallium nitride crystal applic~tions. Additionally, this process
appears to be limited to producing a maximum gall:um nitride crystal size of about 15
millimeters (mm) to about 20 mm in diameter and oﬁly about 0.2 mm in thickness.

20 This gallium nitride production process may also suffer from small gatlium nitride
crystal growth rates, for example growth rates of about 0.1 mm/hr.

Small gallium nitride crystals, for example in the form of crystailine
platelets and/or needles with a size less than about G.4 millimeters (mm), have been
grown in supercritical ammonia (NH;) in pressure vessels. These supercritical

25 ammonia growth processes exhibit slow growth rates,.and thus do not enable boules
or large gallium nitride crystals to be readily produced. Also, the pressure vessels
limit these gallium nitride growth processes. The pressure vessei. ..mit the
supercritical ammonia growth process to a pressure less than about 5 kbar, and thus

limit the supercritical ammonia growth process temperature and reaction rate.
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growth process that can produce large gallium nitride crystals i~ needed.
SUMMARY OF THE INVENTION

A gallium nitride growth process forms crystalline gallium nitride. The

20 process comprises the steps of providing a source gallium nitride; providing
mineralizer; providing solvent; providing a capsule; disposing the source gallium
nitride, mineralizer and soivent in the capsule; sealing the capsule; disposing the
capsule in a pressure cell; and subjecting the pressure cell to high pressure and high
temperature (HPHT) conditions for a length of time sufficient to dissolve the source

25 gallium nitride and re-precipitate it into at least one gallium nitride crystal.

Another gallium nitride growth process for forming crystailine gallium
éompriscs providing of providing a source gallium nitride; providing mineralizer;

providing solvent; providing a capsule; disposing the source gallium nitride,
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system for a length of time sufficient to dissolve the source gallium nitride and re-

precipitate it into at least one gallium nitride crystal.

A still further gallium nitride growth process for.forming Tystalline

gallium nitride comprises providing solid or liquefied gallium as the source gallium

20 material; providing a capsule that comprises two opposed end units; disposing a seed
. glallium nitride crystal in one end unit of the capsule; disposing the source gallium

with mineralizer and solvent in the other end unit of the capSule; disposing solvent in

each of the cépsule end uhits; sealing the capsule; disposing the capsule in a pressure

cell; subjecting the pressure cell to high pressure and high temperature (HPHT)

25 conditions for a length of time sufficient to react the saurce gallium with the nitrogen-
containing solvent under the HPHT growth conditions to form gallium nitride; and
subjecting the capsule to high pressure and high temperature (HPHT) conditions for a

length of time sufficient to dissolve the formed gallium nitride and re-precipitate it

into at least one gallium nitride crystal.



rates. These CVD process limts may lead to high costs of gahpsmopytride
grow h, which, of course, is undesirable. 10 15 Further, gallitumnitride
grow h from ot her processes, such as reacting of galliumand NaN3 at

el evat ed pressures, atnospheric-pressure flux growh, and netathesis
reacti ons (Gal 3+Li 3N) have been proposed. . These proposed growth
processes are believed to be costly, and are not believed to produce

hi gh-quality, defect free galliumnitride in.crystalline form erefore,
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the source .25 galliumnitride and re-precipitate it into at |east one

gal I i um ni t PRYF&UERystal . Another galliumnitride growth process for form ng
crystalline gallium conprises providing of providing a source gallium :

nitride; pr@REFPESCRIAONOF THRDRAWINGSO!l vent; providing a capsul e;

di sposing the source galliumnitride, 3 6 April 2004  m neralizer and

solvent in the capsule; sealing the capsule; disposing the capsule in a
pressure cell;. and sJbgwetliing fiavchartdfusirasingel gatkium mitgide grawthupreceas,cashi gh

t enpergt ure (qlalEHT conditions for a length of tine sufficient to dissolve
the sotfrce §EYOAIEHDY NG IVERIMhG re precipitate it into at |east one gallium
nitride crystal; cooling the high 5 pressure and hi gh tenperature (HPHT)

system relieving the Bngesyne a ﬂowﬁﬂiin&uﬁ?sm&ragmiﬂhgﬁuw%‘ﬁhwe
(HPHT); renoving the aFLI&iEumnitride crystals fromthe -
process, as embodied by the invention;
Figure 3 is a flowchart illustratilig another gallinm nitride growth

process, as embodied by the invention;

15 | Figure 4 is a flowchart illustrating another gallium nitride growth

process, as embodied by the invention;

Figure 5 is a pari-sectional schemaﬁc illustration of a high pressure
high temperature pressure cell for gallium nitride growth processes, as embodied by

the invention;

20 Figure 6 is a scanning electron micrograph of untreated, source gallium

nitride powder; and

Figure 7 is a scanning electron micrograph of treated gallium nitride
having hexagonal features, which are characteristic of a hexagohal (wurtzite)
crystailine lattice structure, which has been grown under a gallium nitride growth

25 process, as embodied by the invention.



hi gh pressure and hi gh tenperature (HPHT) system and mashingpknﬁaﬁﬂllium
nitride crystals in at |east one of water and m neral acids. further
galliumnitride growth process for formng crystalline 10 galliumnitride
conprises providing a capsule that conprises two opposed end units;

di sposing a seed galliumnitride crystal in one end unit of the capsule;
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15 constitutions. The terms poorly crystallized gatlium nitride and well-crystallized

gallium nitride define degree of crystallinity in the source gallium nitride. For

example, poorly crystallized gallium nitnde lacks recoghizable facets and is

characterized by broad x-ray diffraction peaks and an absence of detectable highef '

order diffraction peaks with d-spacings in a range from about 1.0 Angstroms to about
20 1.6 Angstroms. |

The gallium nitride growth process, as embodied by the invention,
produces a high-quality gallium nitﬁde. which is essentially defect-free gailium nitride
so the gallium nitride - defects do not adversely influence its use in various
applications. The gallium nitride growth process, as embodied by the invention, will

25 now be discussed with reference to Figs. 14 that are flowcharts of gallivm nitride |
growth processes and steps, within the scope of the in\}ention. The illustrated gallium
nitride growth processes and steps are merely exemplary and are not intended to limit

the invention.

A gallium nitride growth process, as illustrated in Fig. 1, comprises



i nvention. BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is a fgg)
illustrating a galliumnitride growth process, as 10 enbodi ed by the
invention; Figure 2 is a flowhart illustrating another galliumnitride
grow h process, as enbodied by the invention; Figure 3 is a flowhart

Il lustrating anot her gal liumnitride growth process, as enbodi ed by the

i nvention; 15 Fi gure is a flowchart illustrating another galliumnitride
growt h proces. i nvention; rtagure 5 1is a part-sectional
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under £ galyi de €SS 11:.2S e d| ed‘@‘a the invention. 5
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(GaN) growtpily) igatepiSIm.nitride growh processes includes the steps of
crystallization (precipitation) of source or starter galliumnitride

(hereinafter "source" _galliumnpjtride) into créestal line galliumnitride. 5
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optionally compacted into a pill in step S3, however the compacting of the mixture in
step S3 need not be conducted in the gallium nitride growth process, as embodied by

the invention.

15 The source gallium nitride, 'solvent, and mineralizer, Whe;hef as a.
mixture that is compacted or not compacted, are then placed inside a capsule in step
-S4. Optionally, additional mineralizer can be added to the capsule in step S4.1. The
capsule, which will be described hereinafter, can then be fiiled with a nitrogen-
containing solvent, for example at least one of ammonia or hydrazine, or an organic

20 solvent, including, but not limited to, methylamine, melamine, or ethylenediamine, in
step S5. The capsule is then sealed in step S6, disposed in a pressure cell, and
subjected to high pressure and high temperature (HPHT) conditions in an appropriate
HPHT system, in step S7. The HPHT cénditions are maintained for a length of time
sufficient to dissolve the source gallium nitride and re-precipitate it onto at ieast one

25 - gallium nitride crystal, gallium nitride .boule, or gallium nitride crystal seed.
Maintaining HPHT conditions yiélds large single gallium nitride crystals, for example
single gallium nitride crystals having a diameter and thickness in a rangcr from about
0.02 inch (aBout 0.05cm) to about 12 inches (about 30 cm), for example a size in a
range from about 2 inches to about 6 inches.. The pressure during sfep §7, as

30 embodied by the invention, is in a range from greater than about § kbar to about 80
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gas cannot be liquefied by pressure. Supercritical fluids argpgﬁngkﬂlly

| ess viscous and diffuse nore readily than |iquids, however possess a
simlar solvative ability of [liquids. A nitrogen-containing organic
solvent that is a solid at roomtenperature, such as nelanm ne, may al so
provi de a suitable supercritical solvent under reaction t5 constitutions.
The terns poorly crystallized galliumnitride and well-crystallized . '
galliumnitride define degree of crystallinity in the source gallium

nitride. FqR._ex I gorly crystalljzed,.galliumnitride |lacks | '
recogni zabﬁ%’a‘f'gﬁ‘g?@e ‘gﬁ‘é’gﬁa e ?feﬂ%lf’c#z?“zh&?ag i pigade W?tﬁi/gr&wf@ PEREEISIR heaks
and an absefaRedberdelesBaablSodt @@yt SuGteC, di f fraction peaks with
d-spacings 1n a range fromabout 1.0 Angstrons to about 20 1.6 Angstrons.
The galliumnitride growh process, as enbodied by the invention, produces
a high-quality galli ufhenHPHT systethiis théms aHewedhto abblyirdetepc$8 fand ahgdlighi um
nitride so the galljummnitride defects .do not, K adversely influence its use
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scope of tlaadiniveral acids. Themiddralsicidstforiwgshihg the gatlivum initeidg copstdls imchidesses
and steps ‘are nerely exenplary,and are {. ciln't ended to limt the

i nvent i on. bt @@Iqqtﬂmlﬁﬂﬁ?vilﬂ’ércﬁhBXMCchﬁ@@g‘ééP ane prd SNCsed in Fig. 1,
conprises 6 6 April 2004 providing a source galliumnitride, solvent, and
m neralizer, in step Al ni I € emBadikl B9 the idveH mr,ﬁﬂgg Mo} east
one of poorly-crystalli S Saell, 8#‘bm At ?#lge, spvfg% f - ecﬁ?/s't al 1% zeglt ge;afﬁ%ém
nitride, arofnjkativmdgdkdlinerearth titrides, spch gcatyisasnlohe € LisN, IMgilN,, and Cafa,: and#
conbi nations .t hereof. The source gall] nitride m e _provided "as-is"
in it rawdides sugh pgy Ei%{t wehuyeteg e éﬁ@l@eﬁg&lﬁw my K&wﬁdgewﬁduslmed
conpacted i ' Ridehanid T e e Fh.Ge xRy t hen
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m xt ur e i n salfiie, &¥d nittaepsaliz, suchogs) bernwdt, liminell toh) NaQiaLliz S vand) KINQ 1 dithiaml vent ,
and mneralizer can be@g_r ovided individually to the capsule as 10 separate

and di st i nébD$als GRS cABRInaEeRY thereel. The mincralizersimay he prayided golids enss

additives dissolved in fluids, such as solvents.

15 - The filling and sealing steps, steps S5 and S6 respectively, will now be
described. The capsule is filled with a nitrogen-containing solvent, for example at
least one of ammonia or hydrazine or an organic solvent, including, but not limited to, |
- methylamine, melamine, or 'ethylenediamine, without admitting air or water, which
are undesirable in the gallium nitride formation process. To fill the capsule in step S§,
20 without admitting air or water, the capsule is filled and connected to a negatise
~ pressure source, such as a vacuum manifold, and evacuated. The capsule is then
chilied to a temperat;xrc below room temperature (about 72 °F) and vapor-phase
solvent can be adnﬂ&cd to the manifold. The vapor-phase solvent then condenses in

the capsule. For example, if the nitrogen-éontaining solvent comprises ammonia, the -

25 condensation can be performed at dry ice or liquid-nitrogen temperatures.

The capsule can then be isolated so as to seal the capsule in step S6 by
closing a valve to the negative pressure source. The capsule can then be separated
from at least one of the manifold or the valve by a pinching-off step using a cold-
welding apparatus, which is well known in the art. The pinching-off step is

8



conprise galliumnitride and at |east one of the sol vent andsﬁhmejoghi zes,
can be optionally conpacted into a pill in step S3, however the conpacting
of the mxture in step S3 need not beconducted in the galliumnitride
growt h process, as enbodied by the invention. 15 The source gallium
nitride, solvent, and mneralizes, whether as a mxture that is conpacted
or not conpacted, are then placed inside a capsule in step S4. Optionally,
addi tional rpangcuddriyZ effeccivl iPahaddgelid APk Cinl -sedl |
capsul e, whith w Il be descriped horei 5 SPPREAPThe cintdhrity B i sedt mbibe,
ni trogen- coanhaneed by opaonadarc-wéldingaxanpl e at | east one of ammonia or

hydrazi ne, or an organic 20 solvent, including, but not limted to,

met hyl am ne, nel am ne,.or ethyl enediam ne, .jn step S5. The capsule is then
sealed in step S6. di SHBsEaPSH A PESSHE ool CPmPLSE) any, appsoRtiAl (8rR, Gt
pressure antpehig i i :

system in step fsl;;é %i.%gﬂﬁ%ﬁrr&condi(t i)ptgﬁ‘%@glrt%mng?ﬁ?gitﬁgﬁﬁgpﬁghlrg%]g?%ﬁgﬂ-rti e
suf fici®ent ttomgestutsyas etheodiediby thegmvention. nThe HPE Tasydtene that appligstihe dight

onto at |least one 25.qalliumnitride crystal, galliumnitride boule, or

gal i um ni t rTERSUTES (0 Dughs femperatipes GAn iCRMBEISE 8, Fressoitiics, Jphick can includs: afe
single galli L b -z{nyjsl; , I L SLAG '

crystals ha\/l%izlgsrl%lafellé (Ej’%r gg{f’fer a‘ﬁlléﬁ't kﬁ%ﬁﬁ%@@f&ﬁ%lfgﬁg‘éﬁtlﬁgd boutp ¢ Er[)‘}.eggorll'nch
(about 0. 05ahg ptess déxicet cobfprises bes of alpisten-8ylingiey prefsera belaprdse Dteghliciriln a
range from about 2 inches to ,about 6 inches. The pregsure during step S7,
as 30 enbodi¥d P It F‘ﬁé‘é‘?ﬂ"iﬂdﬁf’ssﬁ§’F?F5&cdr‘%ﬂ¥g'el’fﬁséﬁ=f@ﬁéa{* -fRs AReAbeAsh 5
kbar t gy abor wAich arf kAt to R ofRal in @B9nt he tenperature for step S7 of
the galliumnitride crystal growmh process is in a range between about 550C
to about 3000C. The HPHT systemis then allowed to cool in step S8 and the
high pressure is relife®ather galivap nBeide Thysta) growthprucess, de embpdied| by thee
renmoved fromthe 5 HPHT system and pressure cel] in step S 10, for anpl e
by e g wadReARtoR Wik dtclined T b reRped 9 . 971 copamls Slprowiftbinedee SEENT ng

the gal || umhictdabelc esnffisat ?v%%gwﬁﬁnd%m%ﬁae@%dma 6 agm%%%tﬁggor i

acid (HCl) and nitric acid (H The mneralizers, as €
i nventi on, conpoiesapesurdscadt galiom aftridé lcaysital asedd aiskpriovided eiar $top 822 iadds,

-such % at ld?s%%ged%g%ng ]:en ﬁr%{\l of tll\'n/g %ygshlea&dste%ag%zs.ourcc gallium nitride is provided

- together with mineralizer and solvent in step S24, and is disposed in the other end unit
of a capsule in step S25. Solvent, as embodied by the invention, is disposed in each of
the capsule end units in step $26. The gallium nitride growth process then continues

with step S6, as illustratcd in Fig. 1.

20 The gallium nitride seed may comprise a gallium nitride crystai.
Alternatively, the gallium nitride seed may comprise a gallium nitride crystal that
includes a thin film of a suitable protective material, such as platinum, on the gallium
~nitride seed. The thin protective film prevents dissolution of the gallium nitride seed
prior to gallium nitride crystal growth under the elevated pressure and elevated
25 temperatures, as embodied by the invention. The gallium nitride, which is used in the
gallium nitride growth process of Fig. 1, may also coinprise gallium nitride crystals as

the starting gallium nitride in step S1.

Another gatlium nitride growth process, as embodied by the invention,

comprises spontaneous gallium nitride crystal nucleation from source galtium nitride,

9



10 am des, such as, but not limted to, LiNH2, NaNH2, and KNsidnqisgpa and
related conpounds; ammonium salts, such as, but not limted to, NH4F and
NHaCl ; halide, sulfide, and nitrate salts, such as, but not limted to,
NaCl, Li2S, and KNO3; lithium (Li) salts; and conbinations thereof. The
m neralizers may be provided as solids or as additives dissolved in
fluids, such as solvents. i5 The filling and sealing steps, steps S5 and S6
respectively, will now be described. The capsule is filled with a :
ni t rogen- cQizhadsgalithr? Qityide powldef. Th$oftaRbous! ?ﬁﬁ&moﬂﬁi&f crggmpﬂﬁ&ea%m
hydrazi ne or an organic sol'vent, including, but not limted to,

met hyl ami nprocess| prdlucss gailivee mjtrideenticleri upon whichofurthad gallivimn giteide cpystarat er
whi ch are undesi.r.able in the %um ni.tride formation process. To fill
the capsul 8omih Still peauirs Th sofice EalHumaide pAYden 1o Ropvided at 2 “bolcendamili e | s

filled andopglggﬁ&tsﬁﬁ Jegj FhREOR (thy %Pd RhftoF ‘fﬁ@ptzeg%{fr‘?g:glﬁff&ns %ﬁsr% ér/ a%ﬂ(fxrgn bel ow

mani fol d, an vacuat e e capsule 1's then toate

r oom Benpehait sovrcd inbwhe HPHT Bystemd Atasdosatehresuresaind@vatediie ipeniired,tagd t o
t he mani fol d, Thqeipvapo,r-phase sol vent then _condenses in the capsule. For

ex a(rjrpl e, i¢mbefiechby HisgBNerting: Hierfemperasiry differessial betwaendhersaidand s end.
t . t - N t .
The. capeul Sl R rERherEITS, By Hpke i Yool Sity do Arph3E0 . "3 e 1y

closing a ymkeee ghltiuf Qidhige apdwderDisC AR610E AEC facrysblisP DrbS S H be
separated fromat |east one of the manifold or the valve by a pinching-off

st ep usi ngeandisising thusdbuning sppppaneaus Sallipn miridescrysals. known in the art. The
pi nching-off step is 8 6 April 2004 particularly effective if the capsule

IS cQpper. The integk f the. seal enh ncd@//optional £
arc-.agl di ng. The, ca&%gaelﬁ‘éw lg}dé%séﬂ%g%%s’cagnme% the JBYSWIOP T £ or m*
that per nilto bitesclidl dri liefibd phlitny 8\ dufeQti8BHal, Gn Wi Hd Tha Wt thd Brelived

pressures and high 5 tenperatures, as enbodied by the invention. The HPHT

syst em t haellapphe wyrcergallym reacks wih theeritragen-penyhininghsndyent under tha fRHFpri se

a press .devi whi.ch ¢ ' #{gj t..least.one of a di.e and.puynch, .For
cxarp! o, ciravh cRBEEy A BCHIEE 3, ' FRGHIAR o orfh, EAfpEL e omus '
conpri ses Qfenive dgallivih Giiridlé! £radeh RO@RSS; asteBbdied S the MveRtdNGEY B - -
-cubi c-, or octahedral -anvil press; a recessed-anvil press; and a
t ori d8- t yplesprikesswitle geference to Fig. 3. In Fig. 3, step S31 comprises of providing gallium
at a hot unit of a pressure cell. Next, in step 832, the gallium reacts with ammonia
(NHj3) to form gallium -nitride (GaN). The process, as embodied by Fig. 3, then

- pr« eeds to the HPHT conditions as in step S7.

Another alternate gailium nitride growth process, as embodied by the |
20 invention, comprises creating a temperaturé differential within the pressure cell, in
which this process uses a two-zone capsule. The temperature differentié.l may be
created by providing a_gléatcr'dcgrec of heat to one end unit of the capsule compared
to the other end unit of the capsule in step S7. This alternate géjlium nitride growth
process is depicted in the flowchart of Fig. 4. The steps illustrated in Fig. 4 are
25 similar to those in Fig. 1, and the differences between these processes will be
explained hereinafter. In the growth process of Fig. 4, ‘thc heat source is differentially
applied with respect to the pressure cell, as in step S7.1 during the application of the
HPHT conditions. This application changes the temperatures applied to the pressure
cell and creates differential temperatures therein. End units of the pressure cell can be

30 held at one temperature, for example ambient temperature, while a central portion of

10



10 of which are known to those of skill in the art. A furtheéAg,ﬁ[?q'oum
nitride crystal growth process, as enbodied by the invention, 'w be

di scussed with respect to Fig. 2. A capsule is provided in step S21. The
capsul e conprises two opposed end units that are separated by a baffle with
one or nore apertures. A galliumnitride crystal seed is provided in step
S22. and 15 di sposed in one end unit of the capsule in step S23. Source

gal I'i um ni t rthél@rdssurpreelli dekkatddogeid appropiifte MPHTHehperanABd OPLrARE] of et €P
S24, and is disposed. in the other endpuni t of a capsule in step S25.

Sol vent, as ZsHBRinEadhgromtl prasessrongducted &vithidiffercatihéan zonash farfexamiple thases ul e
end units i te 26.-Th alliumnitrid r.gwt h, process then continues
with step Sg?aaglgflﬁ g%q eafeé'gpélrﬁuﬁ g ef.mt?"gs %&@-éh?imsmet FF@ePE‘E’ feFy
conprise a gakjihg Balitbmidigide Grotothahtes. Al ternatively, the galliumnitride
seed may conprise a galliumnitride crystal that includes a thin filmof a
suitabl e protective material, such as platinum on the gallium nitride
seed. The thin protecthhgdifferentip keating durng she. HPHIN corfditiones, gakembudicdityr | de

seed prior jo.qall.iumnjtride crystal. growth under. the el evated pressure
and el evat edﬁiél_%fe@ '@!r‘é’f{'l'fi%'s ,gmagree%ohﬁngt_ﬁgt}g" fi5es iqﬁvé'ﬂf“i“Bﬁ‘.“cTPllécﬁaﬁq‘iq;m
nitride, Whigghjun® nitFig€ solirck B thePrédsifd BIf Wiln A RWeR PPeRRTe Und oithel: |
may al so conprise galliumnitride crystals as the starting galltumnrtride
in step S 1.prewverercel: wrang anjauxiliaryihdetey taobwah ther somecesgallagn eidoidel iie chelhighdpe

I nvention, _conprises ant aneous galliumnjtride crystal nuc]eation from
sour ce. gal | (PP g B of Wi piessiae salf i, bine Gl tensohice i Esprigis.
Thi's sppnt arg@atened hehidihé Gallidfh fifidd ?Aur&@@ﬁ@ﬁﬁi’t%_th@?%gﬁﬁé cBfi O HfoRer
galliumnitride nuclei upon which further galliumnitride crystal growh

wi | . occur . difffierential heasingaduring vheHPH Toeonditivhs rstapscamprises prbviding thehgdllivem d
unit" of the_.pressure cell. .. ich is the end unit of the pressure cell
Phat i s ci sP0uEn PO rodcinital Mush Bressirk Folpithyd phingr eafer gloment, so this

el evat ed- pr 9SRINSST thdreSIuRY SlBkal AIFPRY SRS mofSrealiP RO

I nventi on, ?Se te(rpergrteure differential bet wglen lF’he col Jgaﬁg){%{g%}ﬁgﬁ -
units of thdiffgreatéalire cell is in a range from about 5C to about 300C. Thus,
the source galliumnitride powder is dissolved and recrystallized under

-the HRHT conditions t&“%xéggfgy“%,gslg&@t gé]f:olt{sasg%lnlblo&rgdntlt’ rthgeingfr: E%R?Iig.

illustrated in Fig. 5. The capsule 10 is illustrated disposed in a HPHT system 100.

The capsule 10 comprises two mating end units, 11 and 12, respectively. Sealing
gasket materia.= (not illustrated for ease of illustration) are disposed at one or more
end units to prevent leakage from the capsule 10 under HPHT conditions in the HPHT
20 system 100. In Fig. 5, a source gallium nitride 15 is'di_sposed in the end unit 12. The
end unit 12 is disposed proximate a heat source 16, schematically illustrated in Fig. 5.

“The heat source 16 may include a graphite tube. The heat source 16 is
placed in the pressure cell 1 so as to be in thermal communication with the capsule’s
coritents, and pressure medium 119 may be disposed therebetween. The capsule 10 is

26 placed in a press device 101 of the HPHT system 100. The press device includes a die
| 102 that surrounds the periphery of the pressure cell, and opposed punches 103 that
surround the end units, I1 and 12, of the pressure cell. Each of the die 102 and the
opposed punches 103 apply pressure to the pressure cell during the gallium nitride

growth process, in amounts sufficient to form gallium nitride crystals, as embodied by

11



10 The galliumnitride growth process, as enbodi ed by the mggg},{]m may

al so use solid or liquefied gallium as a source material, ot end of
the pressure cell. The source galliumreacts with the ni t rogen- cont ai ni ng
sol vent under the HPHT growth conditions, as enbodied by the invention, to
formgalliumnitride. This alternative galliumnitride growth process, as
enbodi ed by the invention, will be 15 described with reference to Fig. 3.
In Fig. 3, ﬁteQ S31 conprises of providing gallium at a hot unit of a
pressure céPfMVRRHE™ in step S32, the galliumreacts with ammonia (NH3) to
formgalliumnitride ("(GaN). The process, as enbodied by Fig. 3, then pry

seeds to the HPHT congieldfdNgnif$2 donipiRes stiverfiid RlinehilRE flf%ttﬁaﬂﬁle' ﬁHéH

nitride growh process, as enbodied by the 20 invention,
creating a thereperBewapsule 10 anthet :ta:lludns atbaffle Staicpure d8uthat 1sdisbosddlbdt\htah

created by e Wity ! ke L1 The Badiectiushurs ok 0 s grranl bampr angrimpedes |
capsulse co c%qverftﬁntb!aﬁv&é:igﬁrﬁd}gniw?'ltl aﬂa.ltz.h aﬁ?ﬂ"ﬁé gr.nhﬂ ﬁ?ﬁﬂ%dﬁ h{ of

alternate galltumnitri process i's depicted i

Fig. 4. Thdest efs ahd pussiblnptagslusality-bf apeftuaese] 3, Sandli ¢uinl oy fdrﬂletlf&fsae melhFasg. 1,
and the differences between these processes w |l be explained hereinafter.
In the grolPng ﬁr%e@ngdeéffremcenwuométw&&t the gnd @Bits.s Convecsionrinieath of theppl i ed

of e o et BRIE e SRl sirsHe et Endet i BT oo Ra Sl P00

to the presésulein eﬁldnhﬁuédcga@mxﬁslnﬁidé efyefal Igﬁtbwﬂemerghﬂiﬁlﬁﬁ nithige &drdstalEnd
units of the pressure cell can be 30 held at one tenperature, for exanple

anbi ettt t evpifprmity. and gallipm nitriderarysil hosogersityor 10 6 April 2004 the
pressure cell, is heated to an appropriate HPHT terrperature QDeratlon of

t he galllumnltrlde e |
for exanpl e those tk@?‘ﬂ ﬁm%@(gﬁ ne t{e}’?r]p“g%tg ﬁérrmggg ﬂ*ﬂieJr“g % é-fn t he
pressure cehystal HOOVTHE chital Saisyicpeesethlivelof ai galliaia g kbeﬂaﬁ;ﬁﬁx whichhe

differential heating during the HPHT conditions, as enbodied by the
i nvent i on, frmher galium pitridecgrowth |15 Achisyed.or ane bs @pmsa%tyﬁmetoflab formedenent

of ~gallium b hﬂ?desé(}ﬁcﬁﬁhh{‘mt&ﬁx&ﬁf fmed’ ﬁdéi“‘ﬂ]% HHT pnﬁﬁgg%’\%f %g@leﬁrdgte”r ©

-end of the® pressure auxi | ary heater
gal | i18n ni byitkeinventidl) cARGWE RS illustrate flow patterns that are believed to be -formed in

the end units, 1 1 and 12, of the pressﬁre cell 10 under HPHT conditions.

The cai:sule 10 is generélly formed of copper or a copper capsule with -
. an inert-metal liner, since c« pper does nof readily corrodé or become embrittled by the
HPHT reaction conditions, and also exhibits desirable cold-welding properties.
20 - Furher, copper is. a desirable material for the capsule 10 because it exhibits low
permeability for hydrogen, which would have a deleterious effect on the HPHT
apparatus if it leaked from the capsule. Alternatively, the capsule 10 may also be
formed of platinum, since platinum will exhibit similar benefits as those discussed

‘above with respect to copper.

25 The gallium nitride growth process, as embodied by the invention, will
- now be further described with reference to examples. These examples are not
intended to {imit the invention in any way. The dimensions, amounts, volumes,

. weights, and measured variables are provided in approximate units.
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temperature end unit of the pressure cell; and using a heatig@pfPzgoae that
generates 10 differential heal at the galliumnitride source end unit of
the pressure cell. Another differential heating during the HPHT conditions
step conprises providing the gallium nitride source end unit 'of the
pressure cell with a thinner heater elenent, so this portion of the
pressure ce&ﬁgggﬂiéigp Its contents nore readily to create the tenperature
differential= xenpl ary pressure cell 1, as enbodied by the
invention, is illustrated in Fig. 5. The capsule 10 is illustrated

di sposed in a HPHT sysg eHppEP Pa sui@"ﬁav_?@oﬁlﬂh%]kig;[e%b;ﬁﬁf SI- %ﬁ%@"%’%ﬁend

units, 11 and 12, respectively. Sealing gas t Fat ed
for ease of filleHwdth approvinaety0.01 % prasd gpof powelyatrystalliged emttee Ballign MirpieeVent
| eakage fromthe cggsul e 10 unﬂﬁ HPHT conditions in the HP 20 system
100. In Fi gPowder dout é’eméam A (Fnsgalizsr), pads plays 40.022 (feofependensed 12.
The end Unighrddhid $soivenPO ' aE Wt & sghemat.i cal
illustrated In Fll%?s?@h:ﬁ%e%pg Esﬂglr}r? t(t:lgenl nayf-(?rn%{a&%g%gy JPE‘EH‘@@“% ® The

heat sour cesddied sapspleaisatieri plattiwithits s peessorel delllofS® patort Brels ak&zﬁmgriiml
conmmuni cati_g_ﬂ)with the_l_%gpsul e's contents, and pressure nedium 119 may be
di sposed t h&FdbEsYsem. The gressse gelb incipdes aplsasy anecaf sodium phlogide dNaCBand01 of

t he HPHT syst.{ B S ' ' udeg i.e .102 that. surrounds
the peri phe?@a%g%&‘?[ﬁeo%;pgsggf B%E#ggﬂ%mg%pogiﬁ%&ﬂa&ﬁ?%n?% Wb Sound -
the end uni ircluded inmict frassuef celinsf the EIPHT eysth! ThEes@t N qs ted ieqapd the
opposed punches 103 apply pressure to the pressure cell during the gallium
nitri d@ gr 8helsvped saarerare of abapt 8005Grand @neslevated pressureyel abauen26ikbar fbe
crystals, agp&iigi,ed by 11 6 April 2004 the invention. The end unit 12
conpri ses solvent and m neralizer 17 that are filled therein. The capsule
10 further includes a baffle structure 18 that is di sposed between the end
units, 11 and 12. The Avahé cempletivntofrthe thvarttempermnfiardndodleviéd 'B&rsstﬁ@d

i npedes 5 free conventi on between the end units, 11 and 12. The baffle

structure 18onditiQns, thespussurg gell ds gprled, and,the Spregsjire; wighin the pressifre aplris ur es
19, and can r Lt Limedes. fr,ee convection
bet ween t heldgﬁeéédanpctﬁg.cg%gﬁtelgﬁﬁ%ﬁ?ﬁgﬁurg?gg zg? rﬁ?ghg@nag’%u‘ﬁﬁlﬁ ’ ﬁgﬁﬁﬂls-si , Is
free and st abavet hdhe danl igailivun ditride rodiitTcontpiides ia0fife vAltedgallidm nitride

powder. Scanning electron micrographs of the gallium nitride powder before and

after the gallium nitride growth process, as embodied by the invention, are provided in
Figs. 4 and 5. Figure 4 illustrates ntreated gallium nitride powder. Figure §
iflustrates gallium nitride having hexagonal features, which are characteristié of a
20 hexagonal (wurtzite) crystalline lattice structure, in which the gallium nitride has been

grown under a gallium ritride growth process, as embodied by the invention.

EXAMPLE It

A second exemplary of the gallium nitride growth process, as
t_:mbodied by the invention, uses a pressure cell and provides a temperature gradient to
25 the pressure cell and its contents to grow gallium nitride crystals.- In this process, a
platinum capsule having an internal volume of about 0.06cm’ is loaded with a reactant
pill in a unit of the capsule. The reactant pill comprises approximately 0.017 g of
poorly-crystatlized gallium nitride powder, about 0.012 g of Li;N, and about 0.001 g

of NH,Cl.

13



result in an enhanced galliumnitride crystal growth rate, gglbfigoai tride
crystal 10 uniformty, and galliumnitride crystal honobgeneity. Further,
the end unit I1 is illustrated as containing a galliumnitride crystal 50.
The crystal 50 is representative of a galliumnitride seed upon which
further galliumnitride growh, is achieved, or can be representative of a
formed galliumnitride crystal that is being fornmed under the HPHT
conditions, as enbodied 15 by the inyeption. Arrows 25 illustrate flow
patterns that are bel} #¢EHlt €. Qiobatlls. iif dispesednipsige the capsulhdoibe of

t he pressutg.:s r 114 0, rally
formed of 53 g%g(glj#édo‘%pgﬁ olg'pt-arlrﬂ Q(I%ggﬁpgbév(\}eg Eéeg-#“?%%@%%‘?g# f*ﬁeﬁ‘%‘g%ﬂgicﬂ@ cc

pper does ends dferdichysubs wirgehe préssurercelicigtichtcd| edembodiag by inveémiohi On
conditions, and al so exhibits desirable cold-welding pr oggrt ies. 20

Further, cdyppeaximately @032 ganl ammania isarondgpsedninte sheseapsuleo The sapsulé is
exhi bigs | r Lty for whi ch woul d have a del eterious
ef f.ecté on ?%'/8 Sgéﬁﬁ%%g%{égfsﬁ gaﬁ%ld{hgﬁ’ea eéd -fromthe capsule.

Al ternatively, the capsule 10 nay also be fornmed of platinum since

platinumw | | exhi bi fTheicapsudé iPaizpbsedswithint H peessareseUls Wfich HAVRs WY
respect to CORPGI’. 25 The galliumnitride growmh process, as enbodi ed by
t he i nvent rath Mg pressufemegeum apd lacgraphitecinfecs-heating fubke rBrecpressureseihis es.

These .exampl es _agr.e not _intended tno |im e_invention i-n_ any . The '
di nmensi onjrsT,Hfs 'S, PUETURES, gsgﬁglli’@h{ns? %Prﬁ-i] PeaSUY eh‘ \?Q}R"M‘&sg‘\ég‘é“bfsovi ded
i n approxi eRkiisHed i thelpteduDEdl by PodibiMYREE chpii€ a8iahe GippetRd BAWENY
with an internal volunme of about 0.04cnB, is filled wth approxinmately

0. 01710yr anpreggyre oell.pdds papsniesposition, eanses thec uppexl andioh the taapside tp gomiain, i

bout 0.012 Li.3 ' ' , «and_about Q.02 f d d 5 "
Srmoni a (s6pdera tlaWEl S Prhe SldsiorIRE pBARE ofl el B s EBRERE: di ng
The seal ed/hsi@RSetnteriportdie8f Meagresburd tEll I Red¥éE B ¥he gfaphite ‘?ﬁdi?ccp-héﬁtﬂigf press

assenbly in a HPHT system The pressure cell includes at |east one
sodi um chl twbede a HEHY jempedaturgagnesi um oxi de (MyO) pressure medium A~
graphite indirect-heating tube is .

Operation of the gallium nitride growth process under HPHT
15 conditions with different hot zone tempcfamres provides different gallium_niﬁide
growth rates and growth results. For example, operation of a pressure ceil containing
poorly-crystallized gallium nitride powder, Li;N, NH4Cl, and ammonia under HPHT
~ conditions with a temperature of about 800°C fo. about 1 hour yields large white
gallium nitride polycrystalline masses both above ard below the baffle. An operation

20 of a similar pressure cell under HPHT conditions at aboui 600°C for about 1 hour, o
| results in the top end unit of the pressure cell containing large white gallium nitride
polycrystalline masses, and gallium nitride powder that resembles the starting gallium

nitride, as discussed ab'ove, in the other end unit.

While various embodiments are described herein, it will be appreciated
25 from the specification that various combinations of elements, variations or
improvements therein may be made by those skilled in the art, and are within the

scope of the invention.
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included in the pressure cell of the HPHT system The pr essuggpﬁpidc?éﬂ s then
treated at 10 an el evated tenperature of about 800C and an el evate
pressure of about 25 kbar for about 1 hour. At the conpletion of the

el evated tenperature and el evated pressure conditions, the pressure cell
is cooled, and the pressure within the pressure cell is |owered. The
contents of the pressure cell are recovered and washed, as discussed above.
The final gatiamasnitride product conprises a fine white galliumnitride
powder. Scanni ng el ectron m crographs of the galliumnitride powder before
and after the galliumnitride growh process, as enbodi ed by the
invention, are providel i A galigm nitridegréwthFppeess for formsing adrestaliine efllaen

galliumnitri.de p@gﬂ\%.e F(i:(c.lre.ga _illustrates galliumnitride having
hexagonal fdarifFess PAATCEhCEPRI¥REr acteristic of a 20 hexagonal (wurtzite)

crystalline lattice structure, in which the galliumnitride has been grown

under a-gallium nitri dgrogideg &sdtré€ LaRum Rftrid ied by the invention.
EXAMPLE Il A second exenpl ary of th%@gal i ungEF'?ri de growth process, as

enbodi ed by the invention, uses a pressure cell and provides a tenperature
gradiemt to .25 the prEFe¥iding mueraligat(l7)s contents to grow gal liumnitride
crystals. In this process, a platinumcapsule having an internal volune of

about 0.06c¢n8 is |oad i v t pill in aunit of the capsule. The
reactant pill conpris J%'{rko%l rfcgl?gt@po 017 g of poorly-crystallized :

galliumnitride powder, about 0.012 g of Li 3N, and about 0.001 g of NH4C.
13 6 April 2004 A par tpraviding s capsuletOdpaffl e, is di sposed inside the
capsule to be positioned on the pill. The baffle inpedes free convection
bet ween the hot and col.d. ends of the capsule. .when.the pressure cell is
heated, as enbodied by tHEENVENSPESRC & ORIt %ﬁb’gé gid, polyentoty dhg s
condensed i ghgsuldie capsul e. The capsule is then sealed a small distance
above the baffle. The capsule is disposed within a pressure cell, which

i ncludes NaCl and MO pressure nedium and a graphite indirect-heating
tube. ¥he pressure celsalingthgicapwdesd in a piston press assenbly in a HPHT
system A tenperature gradient is

disposing the capsule in a pressure cell (1); and

subjecting the pressure cell to high pressure and high temperature (HPHT)
conditions for a length of time sufficient to dissolve the source gallium nitride and re-

precipitate the source gallium nitride onto at jeast one gallium niftide crystal.

15 - 2. The process according to claim 1, wherein the step of subjecting the
pressure cell to high pressure and high temperature (HPHT) conditions comprises
disposing the pressure cell in a high pressure and high temperature (HPHT) system (100). |

3. The process according to claim 2, the method further comprising the

steps of:
20 cooling the high pressure and high temperature (HPHT) system;

relieving the pressure in the high pressure and high temperature (HPHT);

and
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established in the pressure cell by positioning the capsul e pegfil 2dba upper
end of the 10 pressure cell. This capsul e position causes the upper end of
the capsule to remain cooler than the | ower end. The ends of the pressure
cell are held at roomtenperature while a center portion of the pressure
cell is heated by the graphite indirect-heating tube to a HPHT
tenperature. Operation of the galliumnitride growmh process under HPHT 15
conditions with different hot zone tenperatures provides different gallium
nitride growh rat-es h | 15 ' f .
pressure cell contai nliéﬁigi}vgilr ogfrcl %lgg%ﬁs{]%?#ggyg%ﬁﬁﬁlﬁmeﬁpﬁl?%&w hf_%hBN,
NHAC , and temprmiuze (HPHT) $yBI¢M. conditions with a tenperature of about 800C
fo. about 1 hour yields large white galliumnitride polycrystalline nasses
bot h above ard bel owiherhbaf.fle. An B&Eratiqn %0 gjﬁ a simlar pressure cell
under HPHT condi t i ons*atl PGHB0cESEA6EOmEE Wndm 2. Rbaren e slep ofrrmoning: the
end unit of : el HaT i ' P35

Pol yer yst al 3 i MERE Grfutd rori Ve High Phenie e ieh IEBpelAil Q1A Rystem
startiing gaompmses:ni tri de, as di scussed above, in the other end unit. Wile
various enbodi nents are described herein, it will be appreciated 25 from
the specification that variQus conbinations qf .ele ts, variations or :
i mprovenents therein ‘Hﬁ‘él%&ﬁ‘ﬁf@lw er%lgecr%ﬁyﬂf Lt Fcr%sr}t% ﬁfraf",ateérﬂ? Jpineral

W thin the gggope of the invention. 14 6 April 2004 5 CLAIMS: 1. A gallium
nitride growh process for formng crystalline gallium nitride, the
process conprising: providing a source galliumnitride (15);  providing
mneralizer (17); provi diffyPEwesEeaecqrding: to ghabm 4 whergine thes misergh @pids are

di sposi ng tR AQWHEnGRbLibHL At (HRY) of iR Aid GRogNd sol vent in the ¢

capsul e;

10 6. The procgss according to claim 1, further comprising the step of:

forming a mixture comprising the source gallium nitride and at least one

of the mineralizer and solvent, and then disposing the mixture in the capsule.

7. The process according to claim 6, further comprising the step of

compacting the mixture.

I5 8. The process according to claim 1, wherein the at leasi one ga]liuin

nitride crystal comprises at least one of gallium nitride crystal or gallium nitride boule.

ey,
]

9. The process according to claim 8, wherein the diameter of the gallium .
nitride crystal or gallium nitride boule is in a range from about I inch to about 6 inches.

10. The process accbrding to claim &, wherein the thickness of the at least
20  one of gallium nitride crystals or gallium nitride boules is in a range from about 0.02

inches to about 12 inches.

11. The process according to claim 1, wherein the solvent comprises one

of a nitrogen-containing solvent or an organic solvent.
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10 sealing the capsule; disposing the capsule in a pressure g gh,;_(db)‘; and
15 subjecting the pressure cell to high pressure and high tenperature
(HPHT) conditions for a length of time sufficient to dissolve the source
galliumnitride and re- precipitate the source galliumnitride onto at

| east one galliumnitride crystal. 2. The process according to claim1,
wherein the step of subjecting- the pressure cell to high pressure and

hi gh tenperature (HPHT)2.cOheiprdcess acovidifni 36 Tlaifi SPOShégint e ﬂg&gc?,h.é e(\n&el |
in a high pressure and hl?h tenperature (HPHT) system (100)

accor di ng t cOtYeRt FRBPrses &t leastiong of gmmpnia @ﬁﬂr@fsh)ﬂd@mm aaddpsonghmc%lvent is

cooling the gy@gfﬁgﬂg, hi, [ HPI—FI') system relieving the
pressure in %QL &ﬁl re sl%{rhgl an Hﬁhﬁﬁ%ﬁgﬁ’ % e"(HPHT) and 15 6 April
2004 renoving the gal I fumnitride crystal S fromthe hi gh pressure and hi gh
tenperature (HPHT) “syst3nTheiprothss secomiistoaclaint | Micietn Hetdidp 3 sﬂﬁgéétﬁignm he
step of rem)V| ngmth gﬁﬁbl umnitride crystals fromthe high pressure-an
high te (‘ﬁ&-ﬁ’) Plt%gemW&% KHRH) reenditions don ailengthlef
crystals in ocess
accor di ng to@fﬁ g?rﬁn&gn%%g%ﬁgg% {}ﬁam s%ggze gg v %&&FFBH{CC gallium
hydrochl ori mlt@dﬁmtplade)mt(melgallmncnmd&jcryﬂhmmprihes 6. The process according
to claiml, further conprising the step of: formng a m xture conprising .
the source galliumnitrjide.an one of the mneralizer and

sol vent, and then di sﬁSéFﬁ‘Q“% gpﬁqs§l[1rﬁ,cgll i PreRRresgrepterthan abawis khascess
according to claim®6, further. conprising the step of conpacting the

mxture. 15 8. The prqaestheat6cdss aétbrdifg @ laltn 113, WieFedh thel & &f subfidthe WE

gal l'ium , _
10 pressure cell to pressures greater than about 5 kbar comprises subjecting the pressure cell

-

to pressures in a range from about 5 kbar to about 80 kbar.

_ 15. The process according to claim 1, wherein the step of subjecting the
pressure cell to high pressure and high temperature (HPHT) conditions for a length of
time sufficient to dissolve the source gallium nitride and re-precipitate the source gallium

15 nitride into at least one gallivmi nitride crystal comprises:

subjecting the pressure cell to a temperature in a range between about
350°C to about 3000°C.

16. The process according to claim 1, wherein the mineralizer comprises
at least one of alkali and alkaline-earth nitrides; amides; urea; ammonium salts; at least
20. one of halide salts, sulfide salts, lithium salts, and nitrate salts; and combinations thereof,
wherein the alkali and alkaline-earth nitrides are selected from Li;N, Mg3Na, or Ca;Nay;
the amides are selected from LiNH,, NaNH,, or KNH,; the ammonium salts are selected
from NHF and NH4CI; and at least one of halide salts, sulfide salts, lithium salts, and
nitrate salts are selected from NaCl, Li,S, and KNO;.

25 17. The process according to claim 1, wherein the mineralizers comprise
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nitride crystal conprises at |east one of galliumnitride cryabalocen
galliumnitride boule. 9. The process according to claim@8, wherein the
dianeter of the gallium nitride crystal or galliumnitride boule is in a
range fromabout 1 inch to about 6 inches. 10. The process according to
claim8, wherein the thickness of the at |least 20 one of galliumnitride
crystals or galliumnitride boules is in a range fromabout 0.02 inches to
about 12 inches. 11. The process according to claiml1l, wherein the sol vent
conpri ses . : | —eontai ning solvent or an organic solvent. 16 6
April 200 .vegfﬁlesg%?%%{eng%?‘;é&&grdi ng to claim11l, wherein the
nitrogen-containing solvent conprises at | east one of ammonia (NH3) or
hydrazi ne, and t he olgaflhe protesemccordingstl daimed , fwhemeinghd stepnof providihgra ne,
or ethylenediamne. 13.  The process .according.to claim.1l, wherein the step
of subj ectﬁoﬁﬁetgﬁ@m%“ﬁ?@%%‘?ﬁgnieélpfo‘f‘ g thpﬁgﬁ WMHEGE gh t enper at ure

(HPHT) conditions for a length of tinme sufficient to dissolve the source

galliumnitride and yg- ghe?r&eksahsc&raﬁg&ewﬁﬁl 08 WheétBin tetsider Emv%ﬁ% a
| east one galliumnitride Crystal conprises: subjecting the ‘pressure Cell

to pressurseargrgaiium nittidecabpusesPraviding a gallimnaiside ceystal seed () vgmipdsinigai m
13, wherein the step, of, subjecti he 1 ressure cell to essures
oreator trmaEe G g plsRat ooy o8 GERRGT sttt otk e HED of
pressures éu%je%figgﬂﬁepréisﬁf@ ééﬂ%tlﬁén bfb@ﬁm& Qn@higlhtte&@eﬁh&é (HP?IT)'E'&ﬂdﬁifoﬁQﬁﬁs

according to ¢ m I, wherein the step of subjecting the ressure cell to
hi gh pressutengtindf timgtsufacipatr ot diseolye-HeTyousengallinengitids ard re-precipitte thei ne

sufficient to dissolve.the . i i.tride and re-precipitate the
sour ce galﬁqufﬁ‘?lg@?%ﬂ%éﬂ@‘?%@%ﬁ%ﬂﬁ%s%@g gal liumnitride crystal &
conprises: subjecting the pressure cell to a tenperature in a range betweén
aboufg 550C to about2®0FAEprddess ddverdingae shimci; ovlkireiny theo sep aif ubjectidietei n

the mneralizer conprises at |east.qne of alkal]j d al kaline-earth
nitrides; Etﬁﬁ%l@sFemF%BEgheinﬁﬁH%ﬂ’i‘ig-l&%sfeng’tcrqt‘é"gsé'tpégf_% cAnditgns i??i]éngtgqus,

oner ein t MEPRc{cB WPSRII I 308eeR gall R Sud AYGeRRIRENRy ARG pIRPEC

My3N2, or rGasdssiato at least one gallium nitride crystal further comprises creating a temperatlzlre

differential within the pressure cell.

15 21. The process according to claim 20, wherein the step of creating a
temperature differential within the pressure cell disposing a heat source (16) and the

pressure cell proximate one another.

22. The process according to claim 20, wherein the step of creating a

temperature differential within the pressure cell comprises at least one of asymmetrically
20 disposing the source gallium nitride in the pressure cell at a higher temperature end of the
pressure cell; providing an auxiliary heater to heat one end of the pressure cell; and
providing a heating source (16) that generates differential heat to the source gallium

nitride in the pressure celt.

23. - The process according to claim 20, wherein the step of creating a
25 temperature differential within the pressure cell comprises providing a heater (16) for the

pressure cell proximate the source gallium nitride in the pressure cell with a thinner
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the am des are selected fromLi NH2, NaNH2, or KNH2; the amogiagmspats are
selected from NH4F and NH4Cl; and at | east one of halide salts, sulfide
salts, lithiumsalts, and nitrate salts are selected fromNad, Li2S, and
KNO3. 25 17. The process according to claim1l1, wherein the mneralizers
conprise 17 6 April 2004 additives dissolved in solvents. 18. The process
according to claiml1l, wherein the step of providing a source gallium

nitride compeaeeelqmenj dhegby Geymirlel i H8ted WD Ridefdtdle mokd- [ocess
according to claim18, wherg?n the step of providihg a 51%%‘8&%?33%1‘?&%

nitride compFesses cgHand beatg up thegguide gailiin nitide tororedtathestempelatity diresydrti-ai NY
a protective filmthat prevent dissolution of the galliumnitride prior to
the step of subjecti t u cell to,hig essure and high

t enperature (HPHT) con rt?@eh@&%ggs £%°F‘§ﬂ%tt‘?1°!)al’mt{1rfgﬁ§ﬁlﬁfﬁh€i%ﬁ’ﬂOf@f‘?ﬂlé@ala/e
t he source gapsuicwomprises:de and re-precipitate the source galliumnitride
into galliumnitride crystals. 10 15 20. The process according to claim1l,

wher ei Er;;itthe step of s%e&y ng the r.‘tl)ressur_e cell to high pressure and high
tenperdture (HPHT) cod@idig8s ¢apsuly thalcomprises twq mating end einits (11, d 2 ereobl e

t he source ' | 5 re- o]l the.source galljum nitride
into at | eag?:I %‘#\déﬁgg% Fj%ill?gnear%lﬁp Eréfid;g %{ ggsk) g%etd%rg?el“ug)r a?‘&%?ﬁ’%@% (i'f’)eépflrﬂg%ﬁC
t enper at ur estratitifee(E8)t thal prévehtsnfrebieconwestionr ef debd befdken ThR BPGRRS during
according to e, step of creating a t?‘%erat'ure

( _ clajmﬁﬁo, whereig]gt, _ B
differenti aF“W_ ¢ REsPire S8 &EIPFESG?@[?BQWE@ smpeeaturs SBIPEED) (cosylitiansl farhe
bressur e ceh e e sSifRicAl S RKolve the MfeP EARBESHALEL LA RALI Sl 1120

wherein the step of creating a tenperature ren

pr essudPe cekturepggilinmaitride ihtoas leastromeghallvmy nitside ¢rgsthl. y 20 di sposi ng t he

source galliumnitride in the pressure cell at a higher tenperature end of
t one_end of the

the pressure cell; providing an auxiliar eater to .he .

pressure cell; and p?g\/ ijg’f:réo%csﬁg‘é‘fofﬁ&gééﬁ : b f_é‘)e“'tlﬂ ¢ iR of splyscting the

di fferent i aprebené ctld tb heghs prese @M I gMenifetdth@HPHTY Condi S U6E a98hth of
time sufficient to dissolve the source gallium nitride and re-precipitate the source gallium
nitride into at least one gallium nitride crystal compriscs disposing the pressure cell in a

15 press device (100) that applies the high prcésure conditions.

26. The process according to claim 25, wherein the step of disposing the
pressure cell in a press device comprises disposing the pressure cell in a press device that

comprises at least one of a di¢ (102) and punch (103) that apply the high pressure.
27. The process according to claim 1, further comprising the steps of:

20 compacting at least one of the source gallium nitride, a mixture
comprising gallium nitride and solvent; gallium nitride and mineralizer, or a mixture

comprising gallium nitride and solvent and mineralizer;
cooling the high pressure and high temperature (HPHT) system;

relieving the pressure in the high pressure and high temperature (HPHT);
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23. - The process according to claim20, wherein the step ofgapaR2ioag a 25
tenperature differential wthin the pressure cell conprises providing a
heater (16) for the pressure cell proximate the source galliumnitride in
the pressure cell with a thinner 18 6 April 2004 heater elenent, . whereby
the thinner heater elenent generates nore heat inside the pressure cell
and heats up the semoe@ggtel palliudi hithide drgstdls Epse thbBehih "ReEsatdIlAd high
differential. 24. The process according to claim1l, wherein the step of

provi di I’tgmﬁeraﬁﬁé)g_ﬁbmf@gﬁm.gﬁéi 5 providing a capsule that conprises two
mating end units (11, I2), 'one of the end units being adapted to be

di sposed close to t .ce (16), and a ffle tructure.(18) that
prevents free conv‘g{’(lzsplﬁl %&h%gahggté@g%ﬁgé%?ﬁlﬁé?geﬁﬂ Ol?ﬁioigvageﬁﬁ‘iﬁnéeg%ﬁﬁc’é@ti ng
the pressure cell 1o . high pressure a hi gh tenperature (HPHT) .conditions
for a length of tigrré%"’glf‘iﬂ?&tﬁa? crygta ﬁ’%ﬁ‘?bﬁﬂﬁ%"%ﬁ@@f foidldmd% ri de and
re-precipitate the 10 source galliumnitride into at |east one gallium
nitride crystal. 25. The process according to claim1l, wherein the step of
subjecting the pressure cell to high pressure and hi gh tenperature (HPHT)
conditions for a |29ndhh podcess bfrelamflf intiessi tHeOcapiisie @biPrisdbeorool £ ot | | um
nitride and re-precipitate the source gallium nitride into at | east one

gal | i umeapdulé B a CopSdr Vap S ithSESinditSRAS e 4R BE EPWFLIERsIng Hle Jourdd
press device (100) that applies the high pressure conditions. 26. The

process Aagon g}g@%éwé}ld@eﬂg@mlmggﬂhg ch glefc%c}ﬁrﬂm%s-di sposing the pressure

cell in"a pre ce conprises disposl e*pressure cell in a press
device that conprjses a di.e ch (103) that

at | t f 102 d.
apply the high pr ecggﬂ?célgggif.ecaaﬁﬁ%ggﬁag%g§e%?&¥8ﬁ’fﬁsﬂ%eg'gmtfg 'nm 1, further

conprising the steps of: 20 conpacting at | east one of the source gallium
nitride, a m xtur EVaew3HBE ISi8BSWSI | i um nitride and solvent; galliumnitride
and mneralizer, or a mxture conprising galliumnitride and sol vent and

m neral i zer, cool iohglingdheicgpsulsr &s sutesmparatiohi glow enper empemtfrePrihitiyst em
relieving the pressure in the high pressure and high tenperature (HPHT); 19
vapor-phase solvent to the manifold; condensing the vapor-phase solvent in the capsule.
30. The process according to claim 29, wherein the step of sealing the capsule
comprises:
closing off the capsule by at least one of pinching-off a section of the capsule
to seal the capsule and closing a valve to the negative pressure manifold.
31. The process according to claim 4 further comprising the steps of:
forming a mixture comprising the source gallium nitride mineralizer and
solvent;

compacting the mixture and then

disposing the mixture in the capsule.

20



6 April 2004 renoving the galliumnitride crystals fromthe eiAgmgnoassure
and high tenperature (HPHT) system and washing the galliumnitride
crystals in at |least one of water and mneral acids. 28. Agalliumnitride
crystal formed by the process according to claim27. 29. The process of
claim1l1, wherein the capsule conprises one of a copper capsule or a copper
capsule with an irgxt Twetpabeekd B€dordiagdo hemSt &¥heddin dhé RYHURIcIRiBO Y6 €
galliumnitride, mneralizer and solvent in the capsul e conprises;

connect i fgobdC e pfid ?IIQﬂﬁ)aﬂdoﬁﬁtHéFQaa %agﬁgrtﬁé%tbﬁ,g @ﬂ@&%g:sou&% #dkh N9

the capsule; chilling the ' capsule to er at om tenperat ure;

adm tti qg%‘id[\éﬁg%fa]g&@ls(g(_))sigtl?_%%dEx%tgpﬁae%%gsiggegl d; condensi ng the vapor-phase

sol vent i caps € process ording to claim29, wherein the

step of sealing the capsule conprises: closing off the capsule by at |east
one of pinchi ng-ofqelSpé’s'g'&:f‘i“‘ie Sﬂmgg Eg ﬁlﬁé‘gﬂ withithe gungrakizes apd selyedt inqfhe
closing a valve to the negative pressure manifold. 31. The process

accor di rféhftr@néﬂlaltﬁfﬂlefcap&“g@ran@onpri sing the steps of forming a nixture
conprising the source galliumnitride mneralizer and sol vent; conpacting
the m xture and t h@ispadingsoblieniginteheh of the vapeulerent heiteapsul e. 20 6 April 2004
32. The process according to claiml1l wherein the capsule conprises two
opposed end units (11,12) and further conprising the steps of:di sposing
source gallium nitride crystal seed (50) in one end unit of the capsule;

the’ ot her end uni T oretme B SErE B il 32 BRCaH Sind WorifitEhe

the other end unit of the capsu vent |
capsul e end units. .33,. The process. accordin aim 32, the process
further S?%”ﬁﬁ??%‘ﬂw&* hligh pres 'éreg?‘i@{?g‘ﬁ?rﬂﬁer?wge Y& e and hi gh
t enperature (HPHT te
P ( )reﬁgvsmg trlrlle pressure in the high pressure and high temperature (HPHT);
removing the gallium nitride crystals from the high pressure and high
temperature (HPHT) system; and

washing the gallium nitride crystals in at least one of water and mineral acids.
34. A gallium nitride crystal formed by the process according to claim 32.

35. The process according to claim 1 wherein the source gallium nitride
comprises at least one of liquid or said gallium nitride and the capsule comprises two
opposed end units (11, 12) and further comprising the steps of:

disposing the source gallium nitride in one end unit of the capsule;

disposing the source gallium with the mineralizer and solveﬂt to form a

mixture, wherein mineralizer and solvent are disposed with the source gallium nitride by one

of:
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relieving the pressure in the high pressure and high terrperaé;qbﬁz{OUEHT);
renmoving the galliumnitride crystals fromthe high pressure and high
tenperature (HPHT) system and washing the galliumnitride crystals in at

| east one of water and mineral acids. 34. A galliumnitride crystal forned
by the process according to claim32. 35. The process according to claiml
wher ei n the sour cejigrkink Ui hireter 6RIMbIVEES irfivileas!t t®Mke Qburcé Pallfin®r
said galliumnitride and the capsul e conprises two opposed end units (11,
12) and figgkhgr conprising the steps of: disposing the source gallium
nitride In one end unit of the capsule; disposing the source galliumwith

the mneralizer and _solvent to forma ] Xture rein mneralizer. and

sol vent are dispo ?owﬁhetwiveggﬁq@@r& 1zpw§ﬁa{e¥\{r]§>etﬁ5§,mgﬁeegad Um SHTEE; A j |

2004 di sposing the mneraljzer and solvent individually to the source

gal lium nitride; Sypieghingdhs rgrsule teohghnpreamee e highi seappesapgr SHBHY) t o

the source galliumnitride; subjecting the capsule to high pressure and

hi gh t erpoeditivng for g of time dufficent tof react shd kqupfikd ghllivinmwitls tefsobieatinden

react the liquefied galliumw th the solvent under the HPHT growth

condi t i ahsHPHTf growitp@nkditions f foimaallivdbnitrldee process according to clai m 35,

further conprising the steps of cooling the high pressure and high

tenperature (BPHT) system relieving the pressure in the high pressure and

hi gh tenperature (HPHT); renoving the galliumnitride crystals fromthe

hi gh pressure and i I S and. ' i um

nitride crystals i;.ﬂs'_ gﬁe P%gg%g%g%;g&%lg t(\g/valgfal(;&rp';gh mgljr?é'r"é ?%g‘gﬁggét@gsﬁﬂiog T um

nitride crystal formed, by the proc ccording to claim35. 38. The

process tﬁ%ﬁ‘&b@f%@“ﬁﬂ“@@ﬁ%ﬁ?@?’%“f@@ﬁﬁﬁe@? ng the steps of: formng a

m xture conprising the source galliumnitride, mneralizes and sol vent. 22
relieving the pressure in the high pressure and high temperature (HPHT);

removing the gallium nitride crystals from the high pressure and high
temperature (HPHT) system; and

washing the gallium nitride crystals in at least one of water and mineral acids.
37. A gallium nitride crystal formed by the process according to claim 35.
38. The process according to claim 4 further comprising the steps of:

forming a mixture comprising the source gallium nitride, mineralizer and

solvent.
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