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(57) Abstract: A gallium nitride growth process forms crystalline
gallium nitride. The process comprises the steps of providing a
source gallinm nitride (15); providing mineralizer (17); providing
solvent (17); providing a capsule (10); disposing the source gal-
Lium nitride, mineralizer and solvent in the capsule; sealing the
capsule; disposing the capsule in a pressure cell (1); and subject-
ing the pressure cell to high pressure and high tempeature (HPHT)
conditions for a length of time sufficient to dissolve the source
galfium nitride and re-precipitate the scurce gallium nitride into at
least one gallium pitride crystal. The invention also provides for
gallivm nitride crystals formed by the processes of the inveation.
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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.

Curremtly, 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 producg 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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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 only 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 abou* 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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15 Therefore, a gallivm nitride crystal growth process that produces

gailium nitride crystals of high quality is needed. Further, a gallium nitride crystal

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,

3
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capsul e; sgahricdgalliith figitelvith nilhéfalizéraid sbiveatiiStik @the? edd unit of a capsule;
disposing solvent in each of the capsule end units; sealing the capsule; disposing the

capsule in a pressure cell; and subjecting the pressure cell to high pressure and high
15 ternperature (HPHT) conditions in a high pressﬁre and high temperature (HPHT)
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.
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Figure 3 is a flowchart illustrating 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.



The invention also provides for galliumnitride crystals forgegipypmach of
above the above-descri bed processes. These and ot her aspects, advantages

and salient features of the invention will beconme apparent fromthe
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annexed draw ngs, where like parts are designated by |ike reference

characters throughout the draw ngs, disclose enbodi ments of the invention.
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by galliumnitride growmh processes includes the steps of crystallization
(preci pi t atmpeshylamme s ethidengdiaipg.t dhe term supercritical fluid means a dense gas that

10 is maintained above its critical temperature, which is a temperature above which the .
| gas cannot be liquefied by pressure. Supercritical fluids are generally less viscous and

diffuse more readily than liquids, however possess a similar solvative ability of
liquids. A nitrogen-containing organic solvent that is a solid at room temperature,
such as melamine, may also provide a suitable supercritical solvent under reaction

15 constitutions. The terms poorly crystallized gatlium nitride and well-crystéllizcd
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
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I nvention. ‘A % lliumnitride grow h process, as illustrated in Fig. 11
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m neral i Zefpe jhientiohP S1. The source galliumnitride may conprise at |east
one of poorly-crystallized galliumnitride, well-

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

7



crystallized galliumnitride, anorphous galliumnitride, polganyeigline
gallium nitride, and conbi nati ons thereof. The source gallium n|tr|de may
be provided "as-is" inits rawform. Alternatively, the source gallium
nitride can be conpacted into a "pill" in step S 1.1. The source gallium
nitride may then be conmbined with at | east one of the mneralizer and
solvent to forma mxture in step S2. Step S2 is optional, and the gallium
nitride, solvent, and nineralizer can be provided individually to the

capsule as 10 s t d| stinc ned. erials in step S4, The
e ur o, - wikten BE A BB a7, OF e 2SR Sl dronh BskBrsiain

sol vent anqlﬂghgpsé{vbg,pﬁ,ou@ggod@w%m ey conpacted into a pill in step
S3, however the conpacting of the mxture in step S3 need not beconducted
in the galliumnitride growh process, as enbodied by the invention. 15
The source gal i um niThe HPHEoysiemtis therd aHowed a0 icoel in slept 3R and ghe high xt ur e

that is conpacted. or .not, conpacted,, are..then aced jnside a capsule in
step S4. @FESSBIals| flievedqin; st §F ﬁ{hre Alipmcpitide,cystals e JemgVe Eroea&qn ein

step S LHPHP syS@RoMtcepreWid Beillin Etep%l‘ée?&r RBHIE %&)%ﬂ%{& Ahed BWABET De

filled W|th a ni'trogen- ‘contal ni ng sot vent east one of
anmoni a or ah;ldmaznahacldanm:rmeyaimcuisZGr sathiegthe gahlidm ditrige chystalinciude t ed

to, nethylam ne, nelam ne, or ethylen m ep S5. The capsule is

then seal edut Aregtob fimijed toyihydenchlericacid (g’*@ééﬁ‘f@‘"&%f‘?’ (5&93 )subj ected to high

pressure and high terrperature (HPHT) conditions in an appropriate HPHT

System in step ST T sdlGeRdb bABSARA By T HhahfGH Ltioite FRAGA t1Te
rum nftri 6)

sufficient to dissolve the source ga recipitate 1t
onto at Iemtftalknh@ﬂ&llgﬂhbmﬂrmmdesje;um gsatdeast oak Iof Wlngwzeaﬂnbahﬂaaor

galliumnitride crystal, seed. . Minta g H conditions yields |arge
singl ¥ gal I"‘PHﬁ?SmsP?lF @ E‘F‘y%?‘a'l"?“eq ¢ Lﬁiﬂblg‘lﬁg?’n@de i YRR fnd rrelaged
crystals h aﬂ{ﬁ?& ebfl[m@b : i nch
(about 0. Ogs*r#g?o abou r% i'nch H(Qi&gout f&n or exanp g‘ﬁa‘céﬁlzagl%l h a
range fr omsalfmlet ad nnmtm&!ﬂspsmhcnst b6t motdhmsed tbh Natll k8 and KNG lishiam S7,

as 30 enbodied by the invention, is in a.range fromagreater than about 5
kbar to abdhb sgl@s 2ng cg@p}qaugmq;ereof The mineralizers may b€ provided as solids or as

additives dissolved in fluids, such as solvents.

£
R

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



kbar, and the tenperature for step S7 of the gallium ”i”ides&é)bﬁ%ﬁh growth
process is in a range between about 550C to about 3000C. The HI" systemis
then allowed to cool in step S8 and the high pressure is relieved in step
S9. The galliumnitride crystals are renoved fromthe 5 HPHT system and
pressure cell in step S 10, for exanple by being washed in water and
mneral acids. The mneral acids for washing the galliumnitride crystals

i ncl ude,  bufarfdubarROEffédtive tigdhd Qapiiddri | CThe! ety ) t id

( HNGB) . The%m neralwlozers as enb OICJiI ed QCCBP er | ;ﬁgnftﬂ.fon ggarggglsgéel Eaﬂtag %’Cast
one of al kaﬂnhmdbdlolmﬁnaherce\ucldmgﬂtrl des such as at |east one of Li3N,
Mg3N2. and Ca3Na2: 10 am des, such as but not limted to, LiNH2, NaNH2,

and KNH2: urea and rel [ iumsalts, such as, ‘but not

i ted to. NUF and. NECHPSHiE| Fifh ProssiiRy Falb CoRRESh Y ARPraRTAS (0T hites,

but not |i migepgittifie fgﬁﬁ@n nitrideSgrodid pgidie3s «b Withisti Lg& g)gd ﬁl‘e%filrﬁé high
s*so S or

conbi nati ons thereo The m neral I zers may be provi
addi ti ves ditsmpératugesi as éhbdied by thehinyentiom. VERe HPHDsysteen that lappliesahe hizhal i ng

steps, steps S5-and ectively, will now be scribed. The capsule is
1T od wi & h PIERPIER G0 Rigto RIRErTGS Sop Sompriog arprea‘éaﬂiw, hich eaminclae. o

amoni a or ni ! an mnll‘xﬁg to,
met hyl am nehg%éag%aﬁggreo@ae@‘ﬁﬁer@él%glrﬁﬁﬁﬁ “ﬁgﬁsv :ﬁrg n(gqge rﬂ‘%‘P lV\t/gt

whi ch ar e uhdemsss dbliee comnm‘(ses ged bf urplsnon-cyldnici' presstd belt pressieswtraledritr,| |

the capsul e i thout admttin r or water, the capsule is
111 ed and: cRirodt @gubeials %yaarp%a rﬁ‘feéi"élﬁ’lé’%sﬂﬁ?scé“ & Jerodyps pressueash

mani f ol4l, arH?vﬂi{&Fé}gkﬁﬂvnMo md&wtﬁﬁen chilled to a tenperature bel ow
room tenperature (about /2 F) vapor - phase solvent can be admitted to

t he mani fol d. The vapor-phase sol vent then condenses in the capsule. For
exanple, if the nit rog’emrdmntga]lhmmgitédemalmqpﬂi pEScssna® einbodied by the

d ti b f t, dr d- t
The capeul o RtepariEe diie i aetio M s X ol nonisd e S oy
cl osing a,vaﬂh\eecagauéb&n @M% PP AU UnkR YA re Ié(}ﬁr& Vsy'a%a?ﬁ&wﬁ e pe

separated from eas one of "the manifold or th e” by a pinching-off
step using &rcobe-apeshitisngAapgline odrideverysali sredeis| prowided innstep S22 tand The

- pi nchl‘n‘,’g of

dxs S S&d in om‘E:3 end unit of the capsule in step S23. Source 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 $25. 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



6 April 2004 particularly effective if the capsule is copper6A5hﬁKbategrity
of the seal may be enhanced by optional arc-welding. The, capsule and
pressure cell conprise any appropriate formthat permt the gallium
nitride growh process to withstand the high pressures and high 5
tenperatures, as enbodied by the invention. The HPHT systemthat applies
the high pressures and high tenperatures can conprise a press device,

whi ch can include at |east one of a die and punch. For exanple, and in no

way |imtiaghQfs gdifurh RYHARE ipdWder.! TRIPERAGNESS gﬁliﬁﬁ”ﬁifﬁ&eéz&glem?élea?ion
pi ston-cylinder press; a bélt press; a tetrahedral-, cubicC-, or

oct ahedr al pmngss| prpdicss ; galliune grtssiednuniaii upopr ebich fumen ghbiuno dtridp erytass,
each 10 of whjch, ,are kngwn to thqse of _aki Il -in the art. A“further.gal i um
nitride cr§oRah vloaes- Jhsseuee galliumpyrde powger 1eprovidod at 2 Ghot epdjunithe

di scussed ¥ i fresRRLelt Qhﬁhgis the efid SRR SEfRe presQir® el Ghar! ig G‘E{p%ged[?é% the eThe

capsul e conprises two opposed end units that“are separate wth
one 6r noheat s@ece i the HPHD ajdtemmAt di¢viackd-pressates| andetelated - fiipéisttads iag St ep
S22. and 15 di spci)sed in one end unit of the capsule in step S23. Source

gal | i um ni ¢mpegied By thegpventipn. thegemperatyie dxfereniial berwesn the goldoanddht end. st ep

S24, and ig_.di 1.0t the |t apsul e.j t S25.

Sol vent a@“‘%n%@@ﬁﬁj‘ge%gmt%@ }%ngegntri%%% , t?clﬂ'lg agpg{)ggggoiai?ogﬁéwg e[gH% Lg‘épsul e
end units idurc! QRIIGAD nidide SWddrUm Qiskoivete AEOYdChySPAIRERS hinb&e the MBHTUES
wWth step S6, as illustrated in Fig. 1. 20 The galliumnitride seed may
conpri se acapditiang shusiformiag spentanesus gallinm aiindet¢rysalg, the galliumnitride
seed nmay conprise a galliumnitride crystal that includes a thin filmof a

suitgRl e protective .al . h | at i num._.an £h | l.ium. nitride ¢
seed.qBThept hin prot eﬁél g%lhﬁnl nﬁ%@ﬁéﬁf@@%ﬁ’o?ﬁ%%‘fb’? ﬁ’(? PR ORAY t i de
seed pri ofisd @sedVlid otMiquetied ¢ailivin,dsal sotfc@WhiteHBK @4 atHiR eRHVfAREPreRipSSUr €

and el evated 25 tenperatures, as enbodied by the invention. The gallium
ni tride, v#fllenfhessoyscegailium geactsgyithithpifrogen-gentgining solysno sioder thé HRHT 1,

may al sq c | S Llju LiL L stals as the start.ing galli .nitride
in step S Q'%%S?H‘gg%aﬁg} %ﬁlgfib%ﬁﬁrml?ﬁ% pt8e m 5%11'-3%83‘11gﬂ g@‘f he-
i nvent i on, altekHiive | gfifurh NHARNGOWEh Grbdess! NBsnérnbodied HyY tHedinvemidiL albilloRe f r om
-source galliumnitride. _
15 described with reference 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



9 6 April 2004 such as galliumnitride powder. This spont a”eé%i:riﬁéddﬂ um
nitride crystal nucleation process produces galliumnitride nuclel upon
which further galliumnitride crystal growh will occur. The source
galliumnitride powder is provided at a "hot end unit" of the pressure
cell, which is the end unit of the pressure cell that is disposed to the 5
heat source in the HPHT system At el evated-pressures and

el evat ed- t enthe pedssuresellai hearddodi At approplifte | MIPHT leRiperatilie. t i
differenti al bmen the cold and hotbﬁegd,_ units gifbet hde}epr%g?ﬁflgx ggﬁe S
in a range faadiumpinde growtl pedsesstcopdaated Fithgliffenest hend aones, fralexamplenthose de

powder is digsol v nd recrystalli,zed under .the HPHT condifions thus
f ormi ng spor%ﬁ a:l[n‘e"rgﬁfsgl g%}?lﬁ uerwgff?tpfedgﬁgefﬂl% vithipy the, Dresspre Gﬁﬁ'npf"r"l“ife f owt h
process, as @@@ggﬁguﬁmiﬁhegmy@%&gn, may also use solid or liquefied
gallium as a source material, in a hot end of the pressure cell. The

source galliumreacts with the nitrogen-containing solvent under the HPHT
growt h Tondi tions, as hebiffersatigyheaating iduving theo HPH D coralithorga ks embodied biyde.

This alternati.ve gallium.mnitride growth process, as enbodied by the

nvent on, |t 1a80s 1pEEET bl 0 Vel oRTSEPY o g Mametts padement of; e
S31 conpri seallRim Ritdé Soide da! thé e SelnQithi 2l IRer @ g Next
in step 832%%% he gal I'ium reeact-s vli\:ﬂt:sﬁ anmoni e{t ' (IelHS) e{oe@ﬁﬁggﬁnﬁu% trlllfat ride
(GaN). The presswssellagsingiroaixalaryhemeyto Beat thresourger gallivee aitricle in He: HighdF
conditions as_in steg‘UIS?.. Aﬁ t her al terﬁ_ate 8al liumnitride géé)wth process,
as enbodi ed tWﬁrﬁgre P & Alidsvduig s EHBA HGUAE Sevse talt gegerates

di f fergnti aldifférbhtidl heficarRhE FaKLM fifride sdudca'\BAd tinit ORitRe PreQGfe SeliS Shother.
two-zone capsule. The gerg)e'r ature differential nmay be “created by providing
a. great er defferentidl hbasing dugingnbe HRH Tueduditginstskep capprisee poovidiag etk gdliuh he

ot her end unit. .of the cgpsul_e I.n steg S7. Thlt% al t.ern%e galliumnitride
growth pro&ilgde;sguige end; unit pf, the, pressurg call witha thipper fieatep slemenis so this

i 11 ustrat ed pbftidnl &f théprabstreGelBhdits i it CortdiRs ok realidy

di fferences pge{ vI\l/een .f%ese processe"gﬁwi Il be ((a)xpllr al net rg%g?}\éa ﬁngfran.}z% t he
growt h procdifferatiaki g. 4, the heat source is differentially applied with

respect to the pressure cell, as in step S7.1 during the application of the
.Erggrsﬁﬁgm tions. This P?dal?:lxe'mcxp a}yorﬁrgsggrréggal tlr]east %mierl%hugfsmgpiglvénet%nf c%st he

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



cell and creates differential tenperatures therein. End unitg agfi3dia
pressure cell can be 30 held at one tenperature, for exanple anbient
tenperature, while a central portion of 10 6 April 2004 the pressure cell,
is heated to an appropriate HPHT tenperature. QOperation of the gallium
nitride gromh process conducted with different heat zones, for exanple
those that would define tenperature differentials within the pressure
cell, proviﬁe. for. varying galliumnitride growth rates. 5 The differenti al
heating duffhiVEMP™MPHT conditions, as embodied by the invention, include,
but are not limted to, steps of. asymmetric placenent of galliumnitride
source in the pressurgheCid! urWttlﬁ'd&rrﬂaris@é"@dlv&rﬁ%%rﬁﬁﬁérrﬁ'z.%ilq‘l%afE% filldfSSUr €
cell; using an auxiliary heater to heat the source gallllum nitride 1h 'the
hi gher t enhereiat (ihe cepahies i@ furdier inviudes edaffieestnelire 18nhats disgosed sty
source that generates, 10 differentjal heal at the galliumnitride source
end unit of‘h@tﬁéi‘ﬂ?@sihﬁ%dgél | .cgﬁﬁwcl‘ﬂ?#gé?ér?@iaawwehm andrimpgdese
HPHT condi td I ovi di |l L1 end
ni t St HieE P Tl S8Rch AP R G Pnk 12, 'SR sichlee S BRMIGESCTT
of the predeust en€ahd pbsitilg auflusalisy of apettiires M randr cmdbd Yorimed cddfedieshhs
tenperature differential. 15 An exenpl art}/l pressure _cell 1, as enbodi ed by
t he i nvent ilong a5 i§ impedes Jree Lopvectiqn hefvees thegad gaps. Conyertion in|each of sheed

di sposed i t . . j .mating end :
ani Co, 11 QRGO BT A3 S8 ana U, RIS Ao MPHIPRER (SR, BB ot e
for ease Ofresultl S ki adnharted agatlith Spiedded chistabowth FREE galiiith Withide drPstdr event
| eakage from the capsul e 10 .under HPHT conditions in the HPHT 20 system
100. 1t Fi gnifermigy, opd galliuganitridgrarystal homogemeityndi sposed in the end unit 124
The. end unit 12 is disposed proximate a-heat source 16, schematically b
illustrated in Fig. , rGe; L: 4 ncl . r - t.ube. The
heat source 16 is pﬁ:él{:lie;g&it%e ‘ie%g#e@sﬁﬁgugﬁg%‘fd %gscgﬂ%srﬁ?gagmlléﬁtrﬁgwﬁzal
communi cat iceystaM 500 “The cept fileisSrepraaitative of anghlliimssitide sedi aponl Mickey be
di sposed therebetween. The capsule 10 is 25 placed in a press device 101 of
the HPHT syurhen gadlinm tHirids, growt dy ashievedy| fgean begiepresemativenof & fermednds

‘the peri phegiinl nffe RS MEFIsbeldg foffifd SRRGIRE HBIPF R6RAikBHs, ' Hnbodied

15 by the invention. Armrows 25 illustrate flow Ipatterns 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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surround the end units, 11 and 12, of the pressure cell. Each apfiddg die
102 and the opposed punches 103 apply pressure to the pressure cell during
the galliumnitride growth process, in anounts sufficient to formgallium
nitride crystals, as enbodied by 11 6 April 2004 the invention. The end
unit 12 conprises solvent and mneralizer 17 that are filled therein. The
capsul e 10 mﬁﬂcl udes a baffle structure 18 that is disposed between
the end uni 7% 12. The baffle structure 18 acts as a partial barrier
and i npedes 5 free convention between the end units, 11 and 12. The baffle
structure 18. include OREi : i| ' artures
19, and can be fornedsg?b%pelr}ggﬁn as tlfégﬁéﬂ%Zt%P?Waﬁgﬁjé}éé ?té%‘yuégi\g%&rﬁn
bet ween t he fidled witli approxdmatelycd.0bh giamsegy bf plorlyRarysiallided Boiirbe gdllivaldudde. | S
free and stirs the reacti.gon under the HPHT conditions, so as to result in
an enhanced P§REFs (ahont tﬁdlﬁegc‘?e‘z‘l (BhinsFriizepataad ahout| QA2 g rafdeondepsedal

10 uni fg0r m tyhm 3 dniyU | LI cryst [ 1 Furt her .. t he_ end
unit | 150 is ill u@?é@(ﬁ pg)'s T(E)Hn{:@lsﬁ?nlg t%&gg#%w&p&% by cﬁ%‘if‘%ﬁld’gg‘. epﬁ‘?e
crystal 50 issaledpamsalenisahénvplacdd witii & ipressiviet delldst £ pator! PRRs Wadertbly it her
gal I i um ni t_H' g_grgrowt h, is achieved, or can be representative of a forned

gal |'i um ni t HEHET gysjemq The pressyre celbinelpdes ahisastangeaf sodimm-phivridei¥aChand, as

enbodi ed 15_h) I Qyvsaent 4 250 llusir Jlow.patterns that. are
bel i eved to né?%?rré%ﬁ‘?rg gneé\rg%ﬂ»%n'ﬁ dsd,"lnll %r%sl%k b'iﬁ"{%ﬁ'éhmsﬂﬁbé Bel |
10 under HPHEmzddh theopressufeheelicaithel HPHID systerile TRE prdsyurk Q8 th ey of
copper capsule with an inert-netal_liner, since cc pper does not reaéi |y

corrod@ or BwEkyated smperateePfiaboph00°Ciang anelevatespressucs of arut 25 kibanfos o
exhibits deﬁﬂézﬁqltﬁ;uf()' d-wel ding properties. 20 Further, copper is a
desirable nmaterial tor the.capsule 10 because it. exhibits |ow ,
permeabi lity for hydrogen, which would have a deleterious effect on the
HPHT apparatus if . it Atebkeompletiomdfithe elvatedaempeiatird aindValtvated BresGpsUl €
10 may al so be, .forned of platinum since platinumw. | exhibit simlar

i : ! L]
benefits asSYiiiQnsyfhs pessue C%lbéi/sowi-rﬁqdegsdtrssw withire the p@ssure cell is

lowered. The contents of the pressure cell are recovered and washed, as discussed

a

1" above. The final gallium nitride product comprises a fine white gallium 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 hexagonai (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



The galliumnitride growth process, as enbodied by the invengiagaroogyl I now
be further described with reference to exanples. These exanpl es are not
intended to limt the invention in any way. The di nensi ons, anounts,

vol unes, weights, and nmeasured variables are provided in approxinate

units. 12 6 April 2004 EXAMPLE | A copper capsule having with an internal
vol ume of about 0.04cnB, is filled wth approxinately 0.017 granms (g) of

poorly-crystallized source al i um nit powder, about 0.012 g of Li3N
(mneralizer), and a 8@"6" of* &3 n‘§e€’5805§ﬁm§‘ﬁld& theorcapsile toThre

e e o goildheRa 6 lﬁowh@@g@% findtet Hed HRVADY belIfen BENS daf WL 7 ' °

then pl ace essure “&on press

system Thendy efSthercapsudd, lwhiencthel pesssate deﬂasthe@ﬁ:ﬁ &f emBEdidbythe thesiohiaCl )
and nagnesi um oxi dfy él\/gO) pressure nmedium A graphite indirect-heating

tube i's i dPPIRId@aLE Zﬁre&mn@eﬁ cydepsed mmthesgapsales The cppudsin e
cell i th enper ature of about 800C and an
el evatszd prﬁgeé1 "’rlelga gmgggés?a@g % ?%foi “about 1 hour. At the conpl eti on of
the el evated tenperature and el evated pressure conditions, the pressure

cell is cooled, and tihe ApRAG Y dispbsed WithinCa PrESSE RIS WHich SnclhRUENAT The
cont ents .of the E essure cell are recovered and washed, as di scussed above.

The final gad Mabrpressure sedpimanda g,rem;%eu igdigect-leating mbpt elheapriessune odlt isi de

poue SR 15 SRR CASRB T Dot S0kl U B P an. heTore
i nvention, esthilisREP W ﬁ@obrbgsur&as by /iaoanrzienﬁg the ctupﬁuel nkdrl 48 tupRbeend bf 8R! €d
galliumnitride powder. Figure 5 illustrates galliumnitride having

hexag®nal peaswre cell. vfhis hapsule mmms&:sﬂsthq:umerapngmﬂm:agpnde t¢ wemmtini t e) ;
crystalline lat truct t he ga um,ni.tri de has been [ OVin
Crtior 2L o Eocteh i etireE st e Photiehe bRSfE oot BF A I B0 Goniraice O
EXAMPLE || white %C&ﬂﬁkr%ﬁmﬂ af ¥heOfreésiee gal iy uéa:éu by B gfipANE indiFREREMin

enbodi ed by the invention, uses a pressure cell and .provides a tenpe ature
gradi ent t tubeto aHPHT'temperature

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, _
| 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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.25 the pressure cell and its contents to grow gallium nitrig?\pﬁ[)y@als. In
a

this process, a platinumcapsule having an internal volunme o out
0.06cnB is loaded with a reactant pill in a unit of the capsule. The
reactant pill conprises approximately 0.017 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 partial barrier, or baffle, is disposed inside the
capsule to herapasitioned on the pill. The baffle inpedes free convection
bet ween the hot and col'd ends of the capsule. when the pressure cell is
heat ed, . as enbodi ed by the invention. Approximtely 0.032 g of amonia is
condensed into the capbul 4 gallisncapsde growth phmess éad éotming naydtalling t giligen
above the baf‘H@' 'ghe capsu e.".g disposed within a pressure cell, which

i ncl udes NacHridgng RGP €¥BPPE e di um and a graphite indirect-heating
tube. The pressure cell is disposed in a piston press assenbly in a HPHT
system A tenperature grodidifNa sduice dlidRinitsidedL§n the pressure cell by
positioning the capsule near the 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 end¥ovdingmneraligeifld)icel| are hel d at room tenperature
while a center portion of the pressure cell is heated by the graphite
indirect-heating tub erature.” Qperation of the gallium
nitride grow h proces r&ﬁi&?ﬂ%& 15’ conditions with different hot zone
tenperatures provides different galliumnitride gromh rates and growh
results. For exanpl e, mpwditg ocapstle{l@)y essure cel |l contai ni ng
poorly-crystallized galliumnitride powder, Li3N, NH4C, and anmoni a under
HPHT conditions with a tenperature of about 800C fo. about 1 hour vyields
large white gallium rfﬁ{'l%".s 5 ﬁgwgtgfﬁlﬂlﬂemﬁﬁ‘g%e@‘ o5 78 selventhm dbe
the baffle. ceﬁgu@gerati on 20 of a simlar pressure cell under HPHT
conditions at about 600C for about 1 hour, results in the top end unit of
the pressure cell containing large white galliumnitride polycrystalline
masses0 and gal | i um niSF?]iftEe'%BGﬁEFé‘ie;t hat resenbles the starting gallium
nitride, as discussed above, in the other end unit.

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

15



Wi l e various enbodinents are described herein, it wll be agppficzagsed 25
fromthe specification that various conbinations of elenents, variations or
i mprovenents therein may be nmade by those skilled in the art, and are
within the scope 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
m neralizer (17); providing solvent (17); providing a capsule (10);
di sposi ng the sour-ce : 'r%nmgi AR, nitk: | e k0.t .
capsule; 10 sealing rtg gk’{: psul %@’g‘?‘s’éﬁ‘i@ﬁﬁ%‘e?g@g@ﬂﬁ‘ g{egélg’gs%ﬁemc%'l I
(1); and 15emptrpmre (HBHTheysemessure cell to hi gh pressure and high
tenperature (HPHT) conditions for a length of tinme sufficient to dissolve
t he source gallium ni‘#r' e and re- (ﬁ_reci itate,.the source galliumnitride
i

onto at |east one gal HPTGSE ¢ o1 claim 3y, whetein, the, step of rgmoyingothe
claim 1, DRI rithide réRaie fro Whe Higl Presii® and’ UeRipERitir t@iﬁ}!{'ﬂ' :
pressure mlﬁ"i gh teﬁpe?g?luré (HPHT)glg%rrﬁjsi tions %(?rﬁfpri ges gi spomﬂay‘w’ttﬁue-l
pressur e celomprisesa hi gh pressure and high tenperature (HPHT) system (100).
3. The process according to claim2, the nethod further conprising the

t f. 20 cooling the.high e_and high t t HPHT t
el eving the. pressorterivd e GRS S re i o BRS Sy of wbldr i pliera

and , acids.
5. The process according to claim 4, wherein the mineral acids are
selected from hydrochloric acid (HC1) or nitric acid (HNQs). {:
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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15 6 April 2004 renoving the galliumnitride crystals fromtge hj4na
pressure and high tenperature (HPHT) system 4. The process agcor ing to
claim3, wherein the step of renoving the galliumnitride crystals from
t he high pressure and high tenperature (HPHT) system 5 conprises: washing
the galliumnitride crystals in at |east one of water and m neral acids. 5.
The process according to claim4, wherein the mneral acids are selected

from hydrochl ori c -aci d1Z.HTh} pescess hedoediagitd cfditiOB),. wh&tefh the HBrRLAC ini
according to claim1, further conprising the step of: form ng géér}ln"%%z?lgmg

conpri si ng tNe'ELERBRIFAR} |eathaseof paunenia (MHs) erydrazing, aod theherganioabBlengR!
and sol vent ,Scﬁ:@gdtmgfl]w enggmgﬁﬁliﬁg,&gpﬁ]eéngg}ggggéapsuI e. 7. The process

according to claim rconprisi'ng conpacting the
m xture. 15 8. The process according to claim1, wherein the at |east one

gal lium nitride crystH. Therprocessacabrdirgget claine 10ivhamid tHedh bf ke %Sgh?
or gallium nitrideqlhloul e.. 9. The process according to claim38, wherelmr the
di anet et of HFEUg5eh Qnhish iprssire %ﬂy@swﬂapefgm i(ﬁﬁm)tqondreionamoeailmgm of
range from ahgdéuffici : | : )L OCE accordin 0
claim8, wherein tht%i%%ﬁggg%?&?ﬁ;g%{?&?eas dﬁggg rg gcc?ﬁi?aé% isﬁmcr?igﬁaﬁlf%
crystal s or nifaideiintmaniegsticae ghlbinmiesitride ¢rystal commgise:r om about 0.02 inches to
about 12 inches. 11. The process according to claim1l1l, wherein the sol vent
conprises one of a nitro clan-%ont ai ni ng,.sol vent or an organic solvent. 16 6

April 2004 12. The pro€ S PESTechl &9 BeRsuras exgater tiap abewt S kbar.

nitrogen-containing solvent .conprises at | east one of ammonia (NH3) or

hydrazine, and the or ganiThesbdR8 hcdotdingeb eRtBd 3§ WRABISE b §ibidha e
or et hf/l enedi ani ne. . 8 ’ Wét@ﬂ%f‘ﬁlbjéﬁﬁng%
- 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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13. The process according to claim1, wherein the step of supjggitddog the 5
pressure cell to. high pressure and high tenperature (HPHT) conditions for
a length of tine sufficient to dissolve the source galliumnitride and
re-precipitate the source gallium nitride into at | east one gallium
nitride crystal conprises: subjecting the pressure cell to pressures
greater than about 5 kbar. 14. The process according to claim13, wherein
the step of subjecting the 10 pressure cell to pressures greater than
about 5 k . ' S i ng the pressure cell to pressures in a -
range fro?nﬁg%%%%kilgg(% to %‘ggdt 80 kbar. 15. The process according to
claim1, wherein the step of subjecting the pressure cell to high pressure
and hi gh tenper at ur el§. HAHE)procasd iaccandmg tor clainh dngetereift the istap efupfavidiegta t o
di ssol ve the source galliumnitride.and re-precipitate . the source gallium
15 nitri deSOMFRERaliium Budde eRIRPHSES IW‘EIW&H&W%‘\%‘@P?EF@P“’C‘B ses: subjecting
the pressure cell to a tenperature in a range between about 550C to about
3000C. -16. The proce ' I3 i I Qhéte ' A /g{l
conprises at |east g%qug%gﬁélfg?ﬁ&%ﬁgkgltE]acll?ﬁig@%ar ]t“ﬁ itrrlilhiﬂf irgctiéeljse?pgm erslg a

ur ea;s amusouroe gadhums pitdde temprise@Providingot gdlinmdutrigiglcorystalseed (D comiptising

l'ithi I ts, d pjtrate salts;. d. iLnati tk f rein t
al kol | anch @rdiafrobg i prEvent RIS BY JB¢ et MRS prios, i Gie”ypp ol
Ca3Na2; té&%{&ﬁhggﬁ ;ﬁé@u&eéembqﬂ%ﬁ leé@hké MR highadlrperatire IFRIT) LddAMRIFRP R UM

salts are select from NHAF and NHACI; and at |east one of halide salts,
sul fide sad tength of timgraugfatient, toadigsolye theasauresapalljuny gitrids and ectpfacipiiaatbe,

Li 2S, and KNOG3. 25 17. .The pr S . or.di to claim1, wherein the

m ner al i ze¥8™¢€ q’gﬂmﬁe t&ﬁ@ﬁﬁ&'ﬁ g%&a%g%@lg'ves di ssol ved in sol vents. 18¢
The process according to claim1, wherein the step of providing a source®
gal  jgm ni tride conprd.sThe prevessiactgrding ny slahhl I, vehegeih [theistepidfrsubliectid®theThe

it A ET (I ATy O
conpri si ”%@F B‘ﬁ@ﬁﬁ%b\é@g{)‘ﬂ%{m RBhrcB BHR nithidS Md el Hecifhtad e Stlrkd pillium

nitride p

nitride into at least one gallium nitride crystal further comprises creating a temperature

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

18



subj ecting the pressure cell to high pressure and high terrpee%Hr;g)ogHPHr)
conditions for a length of tinme sufficient to dissolve the source gallium
nitride and re-precipitate the source galliumnitride into galliumnitride
crystals. 10 15 20. The process according to claim1l, wherein the step of
subjecting the pressure cell to high pressure and hi gh tenperature (HPHT)
conditions for a length of tine sufficient to dissolve the source gallium

ni tride and hemeprefarhetit! aherdbyeths Omirtier GRtblet WRm! pdrdfartd iford hdaf 35Liad 1B,
e

galliumnitride crystal further conprises creating a tenperatur
di f f er ent i alPress¢mgichll aRd hpats up thesourstel gallim nitfide foraveais theaemperiung differehtailm
20, wherein the step of creating a tenperature differential within the

pressure cell disposi a u .16) and_the ressure cell proximate
one another. 22. The prgr;' (')ngg%g%cggsr%ﬁ%ﬁéép%)t%lcgaﬂ% go","h‘ﬁﬁé'ré‘f’rﬁt?méfﬂ%‘bd@g a
creating a chpsufecohptises:di fferential within the pressure cell conprises at

| east one of asymetrically 20 disposing the source galliumnitride in the

pressure cell at a hi g}her, tenperature end of the pressure cell; providing
an auxidl i ary heater t @™ Pddingsheapana that comprisesvqmating end uaits (11r1), atiengf a

heating SoufiCeddl Ghitd 'B@ﬁaggﬁﬁ'ﬁfe%tsslgéj%gg%ﬁnélh@ tohgal{efié?%%rg? ﬁ&ugﬁgﬁ]gg%ﬁeum

nitride in the pressure rocess acco

wher ei n t hestsgapreo{18)r that ipreyeats fie tampentiwnuof hdid beswrehi e ¥id inlts td1Ring
pressure cell .conprjses providin heater (16) for the pressure cell

br oxi mat e ¢ FPISHREIE prashive el 1q igh @ressureipad Sl tomperasise| CHRETD conditions éor 18

6 April 2004 i | | . enment . gener.at es
nore heat inside ﬁﬁﬁ%&cﬁpétce F&gﬁéﬁﬂg%l{rég g%ﬁ%'ﬁﬁeﬁ%g% g'g&é%ﬂelc R e de
to crdéte tbmrcegybuminitride ditbfat leasttidnglgallitén niftide qrystaless according to claim

1, wherein the step of providing a capsule conprises: 5 providing a

capsul e that conprisest mating_end.units, (11, 12),. one of _the end units

bei ng adapted to be d?gp\(ﬁlgcp rgﬁ:cgggc (opding ﬁ%ﬁ{a&?é’u r@?‘ﬁéﬁ? stgR Pf subygetingathe
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 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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structure (18) that prevents free convection of heat betweengibgl 204 units
during 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 10 source galliumnitride into at

| east one galliumnitride crystal. 25. The process according to claim1,
wherein the step abmsvidgetiel pglithe nitide seystds fRith the KighHNpiesess uh@ @pe hi gh
tenperature (HPHT) conditions for a length of time sufficient to disSsolve
t he sou&aﬁpgﬁﬁﬁéHﬁﬂ@f%ékgﬁugﬂg re-precipitate the source gallium nitride
into at least one gallrumnitride crystal conprises disposing the pressure
cell ina 15 pre Vi .00) .t hat appl.ies,the high pressure condjtions.
26. The process ai%%ﬁgﬁﬁggg%ﬁc é?%gﬁgpmpEEP@?Fw%ﬁgﬁgggﬁﬂgfnﬁpgﬁg i1t he
pressure cell in ress,.device conprjses, disposing the pressure cell in a
press devi ce that abggérﬁii“g’é?tﬁge P@é@{foﬁﬁﬁdwﬂ]&%’@si aeyoyding\ie ghimc- ( 103)
that apply the high pressure. 27. The process according to claim1l, further
conprising the steps of: 20 conpacting at | east one of the source gallium
nitride, a mxture conprising galliumnitride and solvent; galliumnitride
and mneralizer, @9 &hmiproagseof claimprli sitetrigild ¢capsnlsicoiriptisesasit o ¥epper and

m neralizer, cooling the high pressure and high tenperature (HPHT) system

relieving Mn@opae:agperreeahgm Bethhindie RS SIULRr 20 Ak Gfbp! AR§SRINE Re 65ERET) ; 19
6 April 2004 renoving the galliumnitride crystals fromthe hi'gh pressure

and hig hﬁgﬂﬁﬁ : i gg- e galliumnitride
crystal rska}ln at (Zéég?g%%lg‘@o ﬁgén?%%g%g%s\gﬁ% ms%ig 28. Agalliumnitride
crystal formed by the CSrOEHGSS a Cf]irogi ng tot.cl aim?27. 2 The process of
claim1, wherein tREE4PS eecaB%'ﬁ‘B &2 2 PREFUYE PIESUTE JALIold, syl e or a copper

capsule with an inert-netal liner, and the step of disposing the source
gal liumnitride, rAVASIREDE Hercapftde;sol vent in the capsul e conpri ses;
connecting the capsule (10) to a negative pressure manifold; evacuating
t he capsul e; chilling the capsule fo a temperature below room temperature; admitting

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



chilling the capsule to a tenperature bel ow room tenper at ur eg aApgmdoi ng

vapor - phase solvent to the manifold; condensing the vapor-phase solvent in

t he capsule. 30. The process according to claim?29, wherein the step of

sealing the capsule conprises: closing off the capsule by at |east one of

pi nching-of f a section of the capsule to seal the capsule and closing a

val ve to the negatixeThe §8sd¢t€ actidihgltd cladd. 1 Wikrdih Ahe S8psaRCMbitgs o Cl ai m

4 further conprising the steps of formng a m xture conprising the source

gal I'i um gyphedgd ' | 7B 2N firBR g j . %t -then
dBpbsdddend bRy # 1,75 arid | ¢8R SSJ%QArm‘;?%FépQ%t{dﬂ?g%é s%i%eg%@h&rﬂ

di sposing the mxture'in the capsule. i1 72004 he protess

accor di i rein apsul e conprises two opposed end units
(11, 12) a#éﬁfﬁsﬁ%gérejdc@@g%og?ﬁg&ﬁgogﬁlgﬁgp%%’di sposi ng source gallium
nitride crystal seed (50).,in one end unjt of the capsule; disposing the
source gal li um ni t‘ﬁ?@én\ﬁiqiﬁ SPHES pitgds with dhe gnjeakizer gnd salvent; Rethe o g
unit of the capsule; and disposing solvent in each of the capsule end
units. 3Jgherpnd upitefthesapadergdng to claim 32, the process further
conprising the steps of cooling the high pressure and high tenperature
(HPHT) system reldisposing sblvenfineachofthe vafshie end ghitgr essure and hi gh
tenperature (HPHT); renoving the galliumnitride crystals fromthe high
pressure and high tenperature (HPHT) system and washing the gallium
nitride crystals in at |east one of water and mneral acids. 34. A gallium

nitride crystal fofyeg, :0F dh ng, t iﬁﬁ?t]f‘%%' -

process accordi ngostr(') ce 1 %Eé%gv?g‘[édr}g?lgst{) ﬁcgﬁg{)g%’cgmdg?%s%m ni rclogjg’m%;g%?i ses

at | east one.of Jliquid or said liymnitrid t he capsul e conpri ses

fwo opbead Erepnalht Bief et sf byehi P G ARG e ot eps o

di sposing the source galliumnitride in one end unit of the capsul e;
relieving the pressure in the high pressure and high temperature HT);,

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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di sposing the source galliumwith the mneralizer and sol veng abA Jogum a
m xture, wherein mneralizer and solvent are disposed with the source
galliumnitride by one of: 21 6 April 2004 disposing the mneralizer and
solvent individually to the source gallium nitride; or disposing the
solvent and m neralizer separately to the source galliumnitride;

subj ecting the capfsfosingOthBi @itheRIlRES dh® soREnt ixtliiviti@4TRE bRk @o&rbE’ggEnium_
conditions for a length of time sufficient to react the liquefied gallium
wi th the;spkvgnt under the HPHT growth conditions to formgalliumnitride.
36. The process according to claim 35, further conprising the steps of

cooling the high pressure and hi tenperature, (B system. reli.eving
the pressure in t Smfﬂﬁ%ersé’i‘ée&%rﬂg‘ﬂﬁ’e GW%"B%@%{?’%%S ‘éﬁ-ﬁ%ﬂ‘m %i ng
the galliumnitride crystals fromthe high pressure and high tenperature
(HPHT) system anduhisstradhe rapyys |tpuliehi prepaiee 3is highs tampegturee fdPHEhe of
wat er and mneral acids. 37. Agalliumnitride crystal fornmed by the

pr ocess caoditions foy atlength of time Suffis®nt Prreagthckhyefiad gallidinmwith thecdolient wndenr t her
conprising the steps of: formng a mxture conprising the source gallium

ni tri de,thetHRETagrowetscondlions to/fofd. gallidim nitride.

36. The process according to claim 35, further comprising the steps of cooling
the high pressure and high temperature (HPHT) system,;

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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