WO 03/ 035945 PCT/ PL02/ 00077 1 Substrate for epitaxy The invention rel ates
to a bulk nitride nono-crystal especially for use as a substrate for

epi t axy. Bodh/oas9gubstrate for epitaxy is particul arly sui trarireot/ao77
preparation of nitride sem conductor Iayqrs in a process for manufacturing
of various opto-electronic devices. Known 'nitride-based opto-electronic
devi ces are manufactured on sapphire or silicon-carbide substrates,
differing fromthe thereafter deposited nitride layers (i.e.

het eroepitaxy). In the nost comonly used Metall o-O ganic Chem cal Vapor
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achieved is not bigger than to about 10%/cm?.

Another method that has been proposed for the manufacturing of bulk mono-
crystalline gallium nitride, involves epitaxial depositing using halogens in the gaseous
phase and is called Halide Vapor Phase Epitaxy (HVPE) [“Optical patterning of GaN
films” M.K Kelly, O.Ambacher, Appl. Phys. Lett. 69 (12) (1996) and “Fabrication of thin-
film InGaN light-emitting diode membranes” W.S.Wrong, T. Sands, Appl. Phys. Lett. 75
(10) (1999)]. The method allows generation of GaN substrates 2 inches in diameter, but the
quality is insufficient for application in laser diodes, because the surface density of defects
still remains in the 107 to 10%/cm?® range. Besides, the HVPE GaN substrates have tilted
crystal axes because of distortion caused by epitaxial growth on hetero-substrates, for

example on sapphire.

Recently, defect density decrease is attained by using the Epitaxial Lateral
Overgrowth (ELOG) method. In this method, a GaN layer is first grown on the sapphire
substrate, and then SiO, is deposited in the form of strips or grids. Next, such a substrate

may be used for lateral GaN growing, reducing the defects density to about 107/cm?.



Due to significant differences in chem cal, physical, crystall ographic and
electrical properties of substrates such as sapphire or silicon carbide
and sem cwopdaossnitri de | ayers deposited thereon by hetrer@iepitoaxy, big
technol ogical effort is needed to advance progress in opto-electronics. On
the other hand growh of bulk crystals of? galliumnitride and ot her
nitrides of Goup XlIIl elenents is also extrenely difficult (nunbering of
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that it is possible to obtain crystalline gallium nitride by synthesis from gallium and

ammonia, provided that the latter contains alkali-metal amides (KNH, or LiNH;). The
processes were conducted at temperatures of up to 550°C and pressure 500 MPa, yielding
crystals of about S5pm in size [,, AMMONO method of BN, AIN, and GaN synthesis and
crystal growth” R. Dwilinski er al., Proc. EGW-3, Warsaw, June 22-24, 1998, MRS

Internet Journal of Nitride Semiconductor Research, http://nsr.mij.mrs.org/3/25].

Use of supercritical ammonia also allowed recrystallization of gallium nitride
within the feedstock comprising finely crystalline GaN [,,Crystal Growth of gallium nitride
in supercritical ammonia” J.W.Kolis e al., J. Cryst. Growth 222, 431-434 (2001)].
Recrystallization was made possible by introduction of amide (KNH) into supercritical
ammonia, along with a small quantity of a halogen (KI). Processes conducted at 400°C and
340 MPa gave GaN crystals about 0.5 mm in size. However, no chemical transport

processes were observed in the supercritical solution, in particular no growth on seeds.



The thus obtained nitride nono-crystals are of no industrial use as
substrates for epitaxy, nmainly because of their insufficient size and
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The present invention relates to a bulk nitride mono-crystal characterized in that it
is a mono-crystal of gallium nitride and its cross-section in a plane perpendicular to c-axis
of hexagonal lattice of gallium nitride has a surface area greater than 100 mm?, it is more
than 1.0 um thick and its C-plane surface dislocation density is less than 10%cm?, while its
volume is sufficient to produce at least one further-processable non-polar A-plane or M-

plane plate having a surface area preferably at least 100 mm’.

The present invention relates also to a bulk nitride mono-crystal characterized in
that it is a mono-crystal of gallium-containing nitride and its cross-section in a plane
perpendicular to c-axis of hexagonal lattice of gallium nitride has a surface area greater
than 100 mm?, it is more than 1.0 pm thick and its C-plane surface dislocation density is

less than 10%/cm?.

A bulk mono-crystal of gallium-containing nitride according to the present
invention is crystallized on the surface of a seed crystal with at least a crystalline layer of

gallium-containing nitride, having a dislocation density less than 105/ em?.



A bul k nono-crystal of galliumcontaining nitride according to the present

i nvention may be additionally doped with donor and/or acceptor and/or
magnet i ¢ WOpans®45 i n concentrations from 1017 / cnB to 102CT/PLO®)077
depending on the properties required for the intended use of-the same, for
exanpl e as a substrate for epitaxy. In the particularly preferred

enbodi nent a bul k nono-crystal of galliumcontaining nitride according to
the present invention has a dislocation density close to 104/cnR2 and at
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nono- cr yst aor@dining alitridérorc @nuathéd 60 sewdt driystel, tvaikesveplsateation efthausuperceitieal at
tenperatures from100C to NOT and at pressures from 10 MPa to 1000 MPa and
a nol ar r at sadutisn witk agspeetep he fepired wallivpreontapmemitige bsingoisathed hyrmeaps of
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03/ 035945 P& RIROMRI surcritical solvent and crystallization of a gallium-containing nitride

on a surface of seed crystal, at temperature higher and/or pressure lower than in the

dissolution process.

The supercritical solvent contains NH; and/or its derivatives, and includes ions of
elements of Group I - at least potassium or sodium ions, the feedstock consists essentially
of gallium-containing nitride and/or its precursors, selected from a group including azides,
imides, amido-imides, amides, hydrides, gallium-containing metal compounds and alloys,

as well as metallic elements of Group XIII preferably metallic gallium.

According to the present invention, crystallization of a bulk mono-crystal of
gallium-containing nitride takes place in an autoclave, at temperatures from 100°C to
800°C and at pressures from 10 MPa to 1000 MPa and a molar ratio of alkali metal ions to

the remaining components of the supercritical solvent ranges from 1:200 to 1:2.

Depositing a bulk mono-crystal of gallium-containing nitride may include lateral
growth of gallium-containing nitride on a plurality of surfaces susceptible for such growth,

placed on a crystal seed and spaced apart from each other.



The substrate for epitaxy according to the present invention has at | east
one surface suitable for epitaxial gromh of sem conducting nitride |ayers
Wi t hout awg oaasious onal pre- treatnent. In the preferred ero@®Lomom;7t he
present invention relates to a bulk nitride nono- crystal grown in a
direction parallel to c-axis of hexagonaldlattice of galliumnitride seed
in a supercritical NH3 containing galliumconplex conpounds at Ga: NH3
nolar ratio of nore than 1:50, in order to have a thickness high enough to

obtain at |east T0RQubdaktd R ep s&dlitl geroAhPhiBént Miveltioh BaCatgedst brumuiface i de
substrate. In still further preferred enbodi nent, the present invention

rel ates to suitphle forgnitaxiab gravshof segpicoafugiingitrids layess sdthaulanygaddétional pre-
substanti aIt tajclén%d crystal axis by neans of a supercritical NH3 containing
gal l'ium con{ﬁ X “compounds, having not so nmuch surface roughness as to
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at a constant pr.essure in Exanple..l, Fig.. 6 presents,change, of Lessure in
time insi desupﬁ'gngﬁaj ﬁgﬁé\;gnf&{nng ﬁ_glth&m'c : rcglinﬁf”émfsh hexing 1oL S%,m%hg.surgfcg
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in Exanple 3, Fig. 8 presents change of tenperature in tine for Exanple 4,

Fig. 9 presents i iBusdtfatel ¢ t EXRAROE and Fig. Ot sAGw
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invention, Fig. 3a presents SIMS (Secondary Ion Mass Spectroscopy) profiles of a sample
of a bulk nitride mono-crystal, especially for use as a substrate for epitaxy according to the
invention with a high Group I metals content, while Fig. 3b shows for comparison SIMS
profiles of a sample of gallium nitride obtained by HVPE method and having a very low
content of Group I metals, Fig. 4 presents an X-ray rocking curve from (0002) plane of the
bulk GaN mono-crystal according to the invention, Fig. 5 shows change of temperature
inside the autoclave in time at a constant pressure in Example 1, Fig. 6 presents change of
pressure in time inside the autoclave at constant temperature in Example 2, Fig. 7 presents
change of temperature in time in the autoclave at constant volume in Example 3, Fig. 8
presents change of temperature in time for Example 4, Fig. 9 presents change of
temperature in time for Example 5, Fig. 10 presents change of temperature in time for
Example 6, Fig. 11 to 15 present change of temperature in time for Example 7 to 11, Fig.
16-18 illustrate subsequent phases of manufacturing three exemplary bulk nitride mono-

crystals according to the present invention - formed by lateral growth method.

Additionally, Fig. 19 and 20 show sectional views of ppto-electronic devices — a ridge



6 type | aser diode, based on a substrate for epitaxy in formof a bulk
nitride nono-crystal according to the invention, and nitride sem conduct or
| aser dewvoa3mssddescri bed herein, respectively. In the pPeI®LO2/000vENLI ON
the followng definitions apply. Galliumcontaining nitride nmeans a nitride
of galliumand optionally other elenment(®) of group XIIl. It includes, but
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Al GaN, I nGaN and al so AlInGN, where the ratio of the other elenents of
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Supercritical solvent nmeans a fluid in a supercritical state. Essentially,
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surface area being preferably higher than10 mm?, most preferably higher than 100 mm?.

Supercritical solvent means a fluid in a supercritical state. Essentially, the
supercritical solvent contains a nitrogen-containing solvent and ions of alkali metals. It can
also contain other components in addition to the solvent itself as long as these components

do not substantially influence or disturb function of supercritical solvent.

Supercritical solution is used when referring to the supercritical solvent when it
contains Group XIII element(s), in particular gallium - in a soluble form originating from

the dissolution of feedstock containing Group XIII element(s), in particular gallium.

Dissolution of feedstock means a process (either reversible or irreversible) in
which said feedstock is taken up to the supercritical solvent as Group XIII element(s), in
particular gallium in a soluble form, possibly Group XIII element(s)-complex compounds,

in particular gallium-complex compounds.

Group XIII element(s)-complex compounds, in particular gallium-complex

compounds are complex compounds, in which a Group XIII element(s), in particular



7 galliumatomis a coordination center surrounded by |igands, such as NH3
nol ecules or its derivatives, like NH2 , NH2-, etc. Over-saturation of
supercri twoaB/osdhuti on with respect to gallium containi ngPCRiPLOY/@®7IRANS
that the concentration of galliumin a soluble formin said solution is

hi gher than that in equilibrium(i.e. it7 is hi gher than solubility). In
the case of dissolution of galliumcontaining nitride in a closed system
such an over-saturation can be achieved by either increasing the

t enper at ur e,aREY AontBE RBEdiRidntRnief SEfdimbed BYIIEEARY Suchieg NHzameleowleglor its
cont ai ner ich has a reactign chanber where the ammonobasic process

accor di ng tderivitivepridedWitl s N¥#enefcon is carried out. Wien eval uating the
properties of a bulk nitride nono-crystal of the present invention various
paraneters can @vermﬂum@dnawfdsumcmlmhltum with respeesaty galliupeconsaiping ed,
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EPD) is usegavign lﬂléahimoﬁuﬁﬂ‘ (. M tsrmgﬁernmosombuﬁy)almltﬁe dascol dRblufién bas
been already proved by m croscopic observations that crystals_ can be

et ched nor ezabiuni-comnining nifridesiara dpssrsraemo Auchedi @yer-sgyration cambe ArpiEYRd B
di sl ocations, i.s not. tqo .hi o s the easiest way of
det er m i ngbr BrErunb R Shenlr e Balut SRl dec

nsi wever etchi ng procedure should

be confirnmed by TEM neasur enent t he surf on
density of bul k "%'i‘tPFrgE THEANS - %FG’&%ICgmﬁlfne]f H@lgblthgggn]ieafth aa}%gonegtvﬁtcllae?gaﬁ%es
of the paragghsiobAGE %r&%ﬁ@dc@@ﬂlrfgrt@@hé ﬂes&aiﬁ@&%mmcmeaenﬁe maps by

m croscopi ¢ observation of dark points on the surface of

el ectron-beam exmgﬁ%vaﬁlﬁolﬁé dhe ﬁﬂféﬁle‘ga&tkap&ilﬂtrﬁtrﬁféUJnGn@-%rﬁ%@rdfdi@' Hegnt on

regi ons, due to creation irradifative reconbination centers. This is
anot her t edhwmgive m’rlodetperamauerng:anfbedmsdtsmmit pich valgousi ¢valuatign métbodseean be
obt ai ned have been |rned b¥ TEM neasurenents. Throughout the present
speci fi cat |36?Plﬁ’%d| ldﬁ?oﬂé‘r’@ ]%‘V“gﬂnd EPD are used as equival ent terns.

Measur enents of FWHM of the X-ray rocking. c Secondary 1on
Mass Spect r oscogdyne ﬁ’rfo?hiel H%P‘B‘Fanf >I‘/]?é‘r g g{“rgﬁéx%ﬁf’?w%d’é‘ ﬁﬁﬂ%tycr T S
according t}ﬁl}fh?&‘tmn‘s LR d@ [ﬁfmg@X&dEPD) & ey Rﬁf‘en Qlﬁal@c‘f@f Uaidre ndnot he

quality of e sanples o tal ne ccordance with présent invention a
bul k nono- carysthlais cbsfcumtll Tturms beert a]nremdyg)rovudtby dlecrhmelcmhrvlam@ethsﬁ agstalsd
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is not too high, counting of etch pits is the easiest way of determining of dislocation
density. However, used etching procedure should be confirmed by TEM measurements.
When evaluating the surface dislocation density of bulk nitride mono-crystals of the
present invention the values of the parameter were obtained from the cathodoluminescence
maps by microscopic observation of dark points on the surface of electron-beam-excited
crystal. Such dark points could be near-dislocation regions, due to creation of irradiative
recombination centers. This is another technique of determining of dislocation density and
the results obtained have been confirmed by TEM measurements. Throughout the present

specification Dislocation Density and EPD are used as equivalent terms.

Measurements of FWHM of the X-ray rocking curve and SIMS (Secondary Ion
Mass Spectroscopy) profiles of the samples of bulk nitride mono-crystals according to the

invention were employed in a course of evaluation of the quality of the samples obtained.

In accordance with the present invention a bulk mono-crystal of gallium-containing
nitride have both large size and high quality. Such a bulk mono-crystal of gallium-

. . . 2 . .
containing nitride can have a surface area of more than 2 cm” and a surface dislocation



WO 03/ 035945 PCT/ PLO2/ 00077 8 density of less than 106 / cn®, having a

t hi ckness of at |east 200 m (preferably at least 500 m and FWHAM of X-ray
rocki ng cwowa/osi9edn (0002) pl ane of 50 arcsec or |ess. SuclrCrpro2/00075t al s

can be grown on galliumcontaining nitride crystal seeds and in turn they
may subsequently serve as seeds for next &mwono-crystal growth processes. As
it was expl ai ned above, a bul k nono-crystal of galliumcontaining nitride
is a crystal of galliumnitride and optionally other elenment(s) of G oup

XI11. ThesgeaRpaadShaf f5° /Q&Z,VWE%Sﬁml&tﬂeﬁ)bffahﬁaét%wha pekably attleast BOON,

wherein 0<_x<1, O0<_y<l, 0_x+y<1. t hough in a preferred enbodi nent the
gal | i um contma) andFGVHM of Heray soding ¢wuve Hpmr(0Ae2) planept 5P graspeer lgssef er r ed
enbodi ment part (e.g. up to 50 nol.-% of the galliumatons can be

repl aced by one Such rme-wydias cal baemobs aif gallivmypoXhining i slecirystdlpeels anddi or
In). According to the invention a bul no-crystal o alJium containing
nitride nmayUdhel MRy ARPIeGUIY|SEYE aétgeqléég%tm %X?R)’ Ftajiﬁlg’f%#l PEYCEHst one
acceptor and/or at |east one  nagnetjc dopant tobg}étgaei[, t he opt.i

L.y .
electrical and nyierascexplabpsdrabors ppulkproneysia L ‘:?)éﬁ’c“s“,ie s a
acceptor dopanlidraAfAPERTId fedRRBRLIE Ah AEhbatls) BMrbih XNE. Bicte cdififloiRl

be sel ecte ccording properties the "substrate.

Preferably dahebddasResentddpenithe dorenbeldeGad. i Nmwheeeigr Gixylc Osgkst Deghotl. Si
and 0. As acceptor dopants My and Zn are preferred. Any kno nag_}r}detic
dopant can Ablhqughin gauetered chedigentthe galivg-coHaining Ealq s galum mEHe, g a

preferred ti ' l;aaﬁlp ' Qo oBRE SNiiund B b
concentr at {%ﬁggoffr%]tce%%ag%&%drﬁg%@ accgegéj'g@ @o%gﬁli@ a/‘ple0 wel Ig-g“luown irrrllS g?lne %rt
and depend replacddisy slesirmcteetidr aleplensat iGroupKIH Kespacially déandlgmlingal |y,
concentrations of these dopants range from 101 7 to 1021 / cnB. Due to the

producti on procescordiR€ td tHekinv@ntion el hifk ahonoforgahll éfupalbmicantainiig niiddd dey
can al so contain alkali elepments, usually in an anount of mor.e the}n about
0.1 ppm Qsditicaplly ineludes aijleastreng @Qiloké‘@élof 9k leask an¢ astepips And/ & G 8t PBwer
than 10 pp .no ik | L cul [ i _
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substrate fom aspptefersed. Any known magnetic dopant can be included into the substrate of the
present invention. A preferred magnetic dopant is Mn and possibly also Ni and Cr. The
concentrations of the donor and acceptor dopants are well-known in the art and depend on
the desired end application of the nitride. Typically, concentrations of these dopants range

from 10'7 to 10?' / cm®.

Due to the production process, the bulk mono-crystal of gallium-containing nitride
can also contain alkali elements, usually in an amount of more than about 0.1 ppm.
Generally it is desired to keep the alkali-elements content lower than 10 ppm, although it is
difficult to specify what concentration of alkali metals in a bulk mono-crystal of gallium-

containing nitride has a disadvantageous influence on its properties.

A bulk mono-crystal of gallium-containing nitride may additionally comprise traces
of Ti, Fe, Co, Cr, and Ni introduced in the production process in effect of corrosion of the
autoclave under the process condition. Such trace impurities do not adversely affect the use

of the mono-crystal of the present invention as a substrate for epitaxy.
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conponents of a bul k nono-crystal of galliumcontaining nitride of the
present iwWoeawsms However, it is also possible that hal ®geEPLoze@7pr esent
therein. It is usually desired to keep the hal ogen content of a bulk
nmono-crystal of galliumcontaining nitrid® in the range of about 0.1 ppm or
| ess. According to the present invention a bul k nono-crystal of
galliumcontaining nitride is crystallized on a surface of a seed crystal.
The seed cryst al GerdedllyG rhatdgrhs iaZdtnbd Mntetichak WbsipoRdngs bora Bplkt @syo-assal difng
to the invention can _be obtained by a nunber of _known nethods, described
in details $@iwpcenianing nitrige rqiolhs Reawt dpytions Hompvele ifide dlsoppesgible that

horo- seeds l?agl'l%]eﬂgta% pfe§i§‘§ gﬁezrﬁﬁ? Ttefsadsg%ﬂ’ly BesifRAto 1y $hé hal%%é}?lz ntQf a Pulk

gal l'i um con ing nrtr ono- see or at |east containis a layer o

such a ni t rindeo-¢clystat bHga bad)con@inisd aitrsdeoh thtange of dwat Ail ppngormriedst | de
suitable for use as seed crystals are obtained by above described known
met hods. For exangdoedigaltb ithenphdstiit B®emtionst abalkmynderysbll afnggliviicadfidigiap of
spont aneous crystallization froma supercritical ammnia solution. Suitable
seed cryst atigidedy crystalized opaduppcaritased cystabynt hesi s of GaN based on

het er oepi taxi al, deposition, involving hal ogens in gaseous phase (HVPE).
This nethod is slha agsidecrfysialsafor raystalizetion| ¢f asnbdteata %rri eitasy asrerdingzte teed

crystals, havi even ca, .5 cmin dianeter. ch_crystal [ WEY | e

From a nuntdredndhPe SBmingatld drife? B¢ ity melods Rl Ry SO ARE,
TDI, SUM TOYRi@fktheBd RBfstalPimal, atuse @ Soth B6£@-seédssindl Iet&aRedlB. Befcrallnld sdeded
by HNP net hod, under which growmh of GaN crystals occurs spontaneously in

nol t en gal | srysRLeRRsistsolgaivmpreenigining mitide gdiomarspsdhpieridcasheeripip v laygfer

"Growm h of |k . .ngl rystals by the pressure-controlled solution
grow h net hsolgﬂalély%g(ﬁéﬁ%ges,ge(ﬁY. Seki, O (Qda, S. Kurai, Y.Yanada and T.
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crystal growy Bodve defdritiedk@6wh nah&dsOPor H@IHRS galRfimHifiide GBftdly @85 bE @baited
si mul taneously maintaining a uniformtenperature and not by generating a
t enper at ur ein ot &f spestapgoun oty galbizaiienpiremyg sepeactifispt ammpalg paluiion. tSuifgkle
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Such crystals are available from a number of sources, among others they are produced by
NICHIA, ATMI, TDI, SUMITOMO and other manufacturers. Seed crystals can be also
obtained by HNP method, under which growth of GaN crystals occurs spontaneously in
molten gallium under a high pressure nitrogen atmosphere. Recently a paper “Growth of
bulk GaN single crystals by the pressure-controlled solution growth method” by T. Inoue,
Y. Seki, O. Oda , S. Kurai, Y.Yamada and T. Taguchi was published in J. Cryst. Growth
229, 35-40 (2001). The authors described a method for producing GaN, similar to HNP
method, however crystal growth is initiated by a slow increase of nitrogen pressure and
simultaneously maintaining a uniform temperature and not by generating a temperature
difference within a crucible with a molten gallium. It was reported that the method allows
growing GaN mono-crystals having up to 10 mm in diameter. Still further method suitable
for obtaining seed crystals involves melting a mixture of sodium azide, metallic gallium

and metallic sodium. With increasing temperature sodium azide decomposes and releases

atomic nitrogen, which in turn reacts with gallium, forming a desired gallium nitride.



atomc nitrogen, which in turn reacts with gallium formng a desired
galliumnitride. WO 03/035945 PCT/ PL0O2/ 00077 10 In a preferred enbodi nent
a bul k nowo-osny®sal of galliumcontaining nitride may bePCarmeziomn’ a
primary substrate by nmeans of lateral overgrowth. A primary substrate as
descri bed bel ow shoul d be considered to b a particul ar seed crystal, and
various materials can be used to formsuch a substrate including hono-seed
crystals in formof flat wafers or hetero-seeds on which a buffer

gal I i um cont ai ni Rga PdférkdiEehBy@mentSa BERAAEno-&sfal of SallilhUshtaatifd nitAdEnthy
16, surfaces 6 susceptible to |ateral overgrowh can be forped by partial
covering of bpfarmed pnsa pramant wibstralp by racang Sk latespbpvergromibr A puigmryraaistraeadser
4 a bul k nmopQ-.G N i it 7. 154f ul t
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ammoni a, and crystallizatio a gallium containing nitrjide on surfaces
6, at tenpeg%t?ﬁ?r%e% Jhw Chﬁgwgger g%lgg@cfpét%agmm%}wrﬂspFFéieddi ssol ution
process. Thus, it is crucial that mask |ayer 4 is insoluble or hardly
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remai ni ng sﬂor ggﬁ@@h@fvﬁ?%fb}@éggwbasﬁ éten%ay eﬂné%/gay glagbgl)%é)uc Cham?rswla(sk
| ayer. As i layes4 atbodnmonofergtal bT gakiubiitdntaining -nitiis t7ak feimedadsla resaltonlagdrali ng

nitride 7, obtained by |ateral overgrowh rmay al so _be obtained gn a
primary subSY§&ioats hy,9i mgthad wyelvingedissplytign o qufwt%(s centainigs (epum XdHs e

nitride |ayg sSn f : i : 6 tr] i1 £ lium-
over g out n’ GF ST iR EoRBESHARAoRihEo iR ihe DaBinont bhb EfyspilRROFLE b galliun:
carried outcanaismgedtreld @i slefased bsatGtempesaturddiighter nsd/sh presure l&vay. thdiBin the

bul k mono-crystal of galliym containi nitride 7 na formed on ar t
of & pri mar goaiitar By g1 R ural e et 5ed 4 o tiseRBlect B o i Bor
a nitride | ayRfcrifichiSsohiRdatRBtaimhd ¥mhRWR! Sh& PN ndiiela9edd iah cofid ifbYex@np® of

primary substrate 3. In this case a primary substiate 3" is covered in part
only with ametadlic $ibvger Ag. Alselalh onseme demaihimgevurfBedsof ghopmmaryombstiate operhiengs

in a mask Igé/veer%ﬁb ug)vggrd éasgg Ieaterally. In such a manner stripes nmade of
nitride sentconduttor Areso¥arned, havi ng a T-shape cross- section.

Afterwards, mask,layer 4 is.repov nd. a primary. substrate 3 .cover.ed wth
tripes havi ng.t A8 Iy RHpe it B8 10 e Pk TrEiosty ibh ot S0 FRtan g TIdes o
the stripesogaiiel ?y JAREA-Sleystbath 8AY ! dITHE Obtafieldi Ji0a PhitdatHSuthth® § BLPRE DY

| ateral overgrowth.
surface in form of stripes 5. In such a case nitride layer 7 is formed on a side walls 6 of

stripes 5. Lateral overgrowth of bulk mono-crystal of gallium containing nitride may be

also carried out on selected side walls 6 only.

As it is shown in Fig. 18, a bulk mono-crystal of gallium containing nitride 7 may
be formed on a part of a primary substrate 3 only. In effect, a surface dislocation density of
a nitride layer 7 is substantially lower than dislocation density of a primary substrate 3. In
this case a primary substrate 3 is covered in part only with a mask layer 4, and a nitride
layer 5 is grown from the openings in a mask layer 4 upward and laterally. In such a
manner stripes made of nitride semiconductor are obtained, having a T-shape cross-
section. Afterwards, mask layer 4 is removed and a primary substrate 3 covered with
stripes having the T-shape cross-section is obtained. On the side walls of the stripes a bulk

mono-crystal gallium containing nitride 7 is formed by lateral overgrowth.

Gallium-containing nitride seed crystals, having the same composition as a bulk

mono-crystal of gallium-containing nitride, are used as homo-seed crystals. Preferably the



Gl liumcontaining nitride seed crystals, having the sanme conposition as a
bul k nono-crystal of galliumcontaining nitride, are used as hono-seed
crystal s.wBrgfogwably t he WO 03/ 035945 PCT/ PL0O2/ 00077 11 mCTmLAB0®ONSi St S
essentially of galliumnitride. Al so hetero-seeds made - as descri bed above
- of sapphire or silicon carbide, with a buffer | ayer of gallium containing
nitride on at | east one surface and a nask covering all the remaining
surfaces of such a hetero-seed may be wused. In such a case a bulk

mono- cr yst ahitide galsisisusssaniatipiofipatiumi ditriddeAlss Hdeposidde thads -tabdesdpibéd above

| ayer. Preferably, . the huffer |ayer and_ a bul k nono-crystal of .
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to the present 1 nvention, a bu nono-crystafl of galliumcontaining
nitride is gseowin sucha gisardiulk ymood-csstdl af gsllivauememining Ingtrifle s deposital omythewt h
of galliumcontaining,nitride faorned.on a honp-seed or o uffer |.ayer
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bul k mono- chitsdedepokitdiadi the BarkO Bdrish bRentiillydrdalliusn fifkgt al | i zed on a _
crystal seed thus processed, still further decrease of dislocation density
of a bul k nitridg, ABMEr GhYRHREnT o MBstrd R LBlady WRBR OTRY phEeRHN :
According to the present in\}enltli orf1 a lrﬁqi mﬁo-g{%s?{g{l@(}fo P EeIR‘EMeﬁﬁSH,
gal | i um congdiull megpno-erjstali d& geliyst-edntiimied witridehis greed o ysplatality of crunfacds a

late with two all el ane ssenti al .perpendicul ar tq c-axi g of
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from the pobiifferOhydti GWa Metchdlbddde sudninditibed Blin@RBPAced 3bhu® Fom kicH Hhsr. When
enbodi nent a bul k nono-crystal of galliumcontaining nitride may be grown

on al | pl ankdlk @pnegetitad fegalliemypontaining nifride ooy tallizel entaedrystahsesd dfiust he
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plate with pwserpanahtied mhabesaclievadendi cul ar to c- axis of hexagonal lattice
of galliumnitride, and bul k nmono-crystals of GaN are grown on both such

faces of the seefc&drimbalo tHeNBres&R Uintbédidn P NRAIIE 'iﬂcﬁfo%r?st%}agﬁtgﬁjlifllhﬁécﬁﬁéiningv
er -

growth faces, one being nitrogen-term nated face and the o
gal | i um t er pitidg etystadlized pn thesepbenystalonefbrihaf aiplatogeith ttep nparalied dplhsase

Coneral'ly,  rERuely perdicllE e by R Priasge Trbibhhed BisPoning Bidszofa
better over piticlaop@hfel &dnt fB® poihtayervivkt bf akthdrUmduskial RRpBBhOWMD thiace.

In particular, _the npno-crystal layer with nitrogen term nated growm h face
has | ower stiRbedimen abykaqrigrerystal of gallium-containing nitride may be grown on all planes

of such a seed crystal or a growth on selected planes of the seed may be realized.

When a bulk mono-crystal consisting essentially of gallium nitride is crystallized
on a homo-seed crystal in form of a flat plate with two parallel faces perpendicular to c-
axis of hexagonal lattice of gallium nitride, and bulk mono-crystals of GaN are grown on
both such faces of the seed crystal, the resulting mono-crystals have different growth faces,
one being nitrogen-terminated face and the other — gallium-terminated face. It has been
noted that nitrogen-terminated face has a better crystalline quality than the gallium-
terminated one. Generally, mono-crystal layer with nitrogen-terminated growth face has
better overall properties than a layer with gallium-terminated growth face. In particular,
the mono-crystal layer with nitrogen-terminated growth face has lower surface dislocation
density than a layer with gallium-terminated growth face. Also the layer with nitrogen-
terminated growth face has lower values of FWHM of the X-ray rocking curve than a layer

with gallium-terminated growth face. The surface dislocation density on nitrogen-



density than a layer with galliumterm nated growh face. Also the |ayer
with nitrogen- termnated growmh face has | ower val ues of FWHM of the X-ray
rocki ng cwowa/osiah a | ayer with galliumterm nated grow irCraee2/000he
surface dislocation density on nitrogen 03/ 035945 PCT/ PLO2/ 00077 12
term nated growmh face is close to 104/c and at the sane tinme the FWHM of
the X-ray rocking curve is close to 60 aresec. In a preferred enbodi nent
of a substrate for epitaxy according to the invention, a bulk nono-crystal
of GaN i s gteominated glowthnifice dgelose & 0 'femi’eahdf s dke sfind time herDVERdof thehK -ty
growth of a_bulk nmono-crystal of GaN at galliumterm nated face is
prevent ed. f%r‘&ﬂeﬁmf‘dﬁc f BBOY4EYFeved by covering the galliumterninated
face of the seed by netallic plate pade preferably of silver or by coating
this face of thel%@aefeﬁr%elabwgmm pica sybsirate fop ppifaxy Aspqrdingde the insientiem 2 or
el se by arr i ) i g,{,]Fi eqd: ] . e n eed
crystal of tB e @grrlr(g@?{s{%g 0\?\,186'?%11{I I‘i%"?r ga Ia?ﬁﬁnqr g g{o%&ﬁge e a@cga%? fgitﬁ%ﬁ%ﬁ{e& éjeea,
gal | i um t er whilatgeawihack @butkhmohocsistad eddGalbul Salaineteiminaa faex ys pfevetwed.
pr esent invgnti on rr%h e obt ai &e%ﬁb a .method _jnvolving dissolution of a

n
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crystal, with over- saturation of the supércriti solution with respect
to gal | i um boatareferablyninadd ofesilyer, oy else by @edging omsbmgal bfimitenpeated face of i/ or

pressure variations. .In referred enbodi nent.it,..is, obtained by a nmethod
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and cryst al galfiaiitemiahted faR! Ifith iRt §elide on a surface of seed crystal, at
tenperature higher and/or pressure |ower than in the dissolution process.
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and/or its precursors, .selected froma group including azjdes, .inides,
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gallium In the process in which a bulk nitride nono-crystal of the present
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pressures from
solvent and crystallization of a gallium nitride on a surface of seed crystal, at temperature

higher and/or pressure lower than in the dissolution process.

Typically, the supercritical solvent contains NH3 and/or its derivatives, and includes
ions of elements of Group I - at least potassium or sodium ions, the feedstock consists
essentially of gallium-containing nitride and/or its precursors, selected from a group
including azides, imides, amido-imides, amides, hydrides, gallium-containing metal
compounds and alloys, as well as metallic Group XIII elements especially metallic

gallium.

In the process in which a bulk nitride mono-crystal of the present invention is
obtained crystallization of gallium-containing nitride takes place in an autoclave, at
temperatures ranging from 100°C to 800°C and at pressures from 10 MPa to 1000 MPa and
a molar ratio of ions of elements of Group I to the remaining components of the
supercritical solvent ranges from 1:200 to 1:2. As a source of alkali-metal ions alkali
metals or alkali metal compounds, excluding those containing halogens, are used. The

growth of a bulk mono-crystal of gallium-containing nitride is controlled by means of



a nolar ratio of ions of elements of Goup | to the renai ni ng conponents of
the supercritical solvent ranges from1:200 to 1:2. As a source of

al kal i - rewelo3jossess al kali nmetals or alkali netal conpound®CT@®tot/uding those
cont ai ni ng hal ogens, are used. The growth of a bul k nono-crystal of
galliumcontaining nitride is controlled means of WO 03/ 035945
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and tenperature and pressure of crystallization step. Crystallization step
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containing galliumin a formof galliumcontaining nitride crystals having

a total surtwystllwaten Bongef thelmitoclavieovidlh tsarfmcepaatedazonts sekd predesdralimed
used. Preferabl al.ld um cont ai ni,ng nitride consists essentially. of
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Dependi ng on the size of an autoclave used thickness of the nono-crystal
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pl ane perpg&ndrcu xag ice m-ni
surface arearego€sdedricridtalusei00 M2, while its volune is sufficient to

produce at |east one further-processabl e non- polar A-plane or Mpl ane

plate having a spcfaaslyasfBudlcoh@afihe AR eHsistbRescRtbily HPRMGH Yiftias. of
galliumcontaining nitride nmay include a seed crystal. In such a product

at |east one surm%fefefcca?ﬁaﬁéd%& e &wétd?égu&ted%&ﬂeyr@a&%t jr1hing thick bhfle

is suitable for epitaxial gro nitride sem conductor layer§ wthout

any furt her mpne-crystad aifngallium-Asntaininga sitnidm tDepending wovibe sivebefl 4n mitbclavde used

ono- cryst al[hiagnegshgf fe Ef\r?(?nrg-criygt\a{ gft iﬁ)n rniicsrons or bigger may be reached. In a particularly
preferred embodiment a bulk gallium nitride mono-crystal having a cross-section in a plane :
perpendicular to c-axis of hexagonal lattice of gallium nitride a surface area greater than
100 mm?, while its volume is sufficient to produce at least one further-processable non-

polar A-plane or M-plane plate having a surface area at least 100 mm?®.

The bulk mono-crystal of gallium-containing nitride may include a seed crystal. In
such a product at least one surface of a bulk mono-crystal of gallium-containing nitride is
suitable for epitaxial growth of nitride semiconductor layers without any further pre-

treatment.

As it was mentioned above, a bulk nitride mono-crystal of the present invention is
obtained by a supercritical crystallization process, which includes at least two steps: a
dissolution step at a first temperature and at a first pressure and a crystallization step at a
second temperature and at a second pressure. Since generally high pressures and/or high

temperatures are involved, the process is preferably conducted in an autoclave. The two



obtained by a supercritical crystallization process, which includes at

| east two steps: a dissolution step at a first tenperature and at a first
pressur e wWod3azvuystal lization step at a second tenperat RCa/rPANZo@r7 a
second pressure. Since generally high pressures and/or high tenperatures
are involved, the process is preferably cbhducted in an autoclave. The two
WO 03/ 035945 PCT/ PLO2/ 00077 14 steps (i.e. the dissolution step and the
crystallization step) can either be conducted separately or can be
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in the supercritica er the conditions o pr esent

i nvention, oamiale -usedltascoaslyeiadtt aakie Autpileal. IRor saclyahl émibodioettapmassoge is

feedst ock practically uniform within the reaction vessel, while temperature difference between the
dissolution zone and crystallization zone should be at least 1 °C, and preferably from 5 °C
to 150 °C. Furthermore, the temperature difference between the dissolution zone and
crystallization zone should be controlled so as to ensure a chemical transport in the

supercritical solution, which takes place through convection in an autoclave.

In the present invention many materials containing Group XIII element(s), in
particular gallium, which are soluble in the supercritical solvent under the conditions of the
present invention, can be used as a feedstock. Typically, a gallium-containing feedstock
will be a substance or mixture of substances, which contains at least gallium, and
optionally alkali metals, other Group XIII element(s), nitrogen, and/or hydrogen, such as
metallic elements of Group XIII, in particular Ga, alloys and inter-metallic compounds,
hydrides, amides, imides, amido-imides, azides. Suitable gallium-containing feedstocks

can be selected from the group consisting of gallium nitride - GaN, azides such as Ga(N3)s3,



wi ||l be a substance or m xture of substances, which contains at |east
gallium and optionally alkali netals, other Goup XlIll elenent(s),

ni t r ogen, warndpaiv4hiydr ogen, such as netallic el ements of @Camnodbdor7 in
particular Ga, alloys and inter-netallic conpounds, hydrides, am des,

i m des, amido-imdes, azides. Suitable galdiumcontaining feedstocks can
be selected fromthe group consisting of galliumnitride - GaN, azides such
as Ga(N3)3, WD 03/035945 PCT/PL0O2/ 00077 15 im des such as Ga2(NH) 3,
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GaH3, galliumcontaining alloys, netallic gallium’a m xtures thereof.
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t her eof . Most referably, the feedst.ock is talli al.lium or..qal Li,um
nitride. 11 Pl epen erg e B BRI o Cedird ke R bR wOReE Bl
gal I'i um conbrirsthslg, 1k tfeddHRCE iy mballic LMlivd P eatuRtnitfdRTPRotAciSe]@herlt Kfa‘droutp
conpounds including Ga and the other Goup Xl || elenent can be wused. |

t he subst radllj aret® borinedrporagpaintos ther geflinercoatpining atide pergstak ogspRamdingof
can be addg&lﬁ&r}dg%l‘ fn%ggé %glﬁéwngg?nglﬁ)cﬁi%aa e{nraeth{: %%?t(%ghp KMk ment can be .
particularly cruciral aid i1t can be in orm Of oOne Or Nore plreces or in
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uncontrolled crystallization. It is preferable that the feedstock is in
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al kali metal ions. Preferably the solvent is amonia, a derivative thereof
or m xt ur esZ¢Mefoethe crystalijzation] zoneo whews| e can GavS; uncarirelieg: ¢rygalligation. It is
hydr azi ne. I ' =T i f
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hal i des ar etherfeédstarkliylanger thantthattof dreadri gtallidated seed.o t he reactor. Al t hough
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solubility in supercr ,  Pprovi contarns
example of ammonia derivative is hydrazine. Most preferably the solvent is ammonia. To

reduce corrosion of the reactor and to avoid side-reactions, halogens e.g. in the form of
halides are preferably not intentionally added into the reactor. Although traces of halogens
may be introduced into the system in the form of unavoidable impurities of the starting
materials, care should be taken to keep the amount of halogen as low as possible. Due to
the use of a nitrogen-containing solvent such as ammonia it is not necessary to include

nitride compounds into the feedstock.

Gallium nitride exhibits good solubility in supercritical NHs, provided it contains
alkali metals or their compounds, such as KNH,. The graph in Fig. 1 presents solubility of
GaN in supercritical solvent depending on pressure, for temperatures 400 and 500°C,
defined as a molar percentage: Sy = [GaN* ™" : (KNH, + NH;)] x 100%. In this example
KNH; in supercritical ammonia is used as a solvent and a molar ratio x = KNH; : NHj is

equal to 0,07. In this case S; should be a smooth function of only three parameters:



al kali metals or their conpounds, such as KNH2. The graph in Fig. 1
presents solubility of GaN in supercritical solvent depending on pressure,
for tenpewetwana®4300 and 500C, defined as a nol ar percentPaeg@LOBmM0Z7

[ GaNsolution : (KNH2 + NH3)] x 100% In this exanple KNH2 in supercritical
anmonia i s used as a solvent and a nolar atio x = KNH2 : NH3 is equal to
0,07. In this case Sm should be a snooth function of only three paraneters:
WO 03/ 035945 PCT/ PL02/ 00077 16 tenperature, pressure, and nolar ratio of
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variation of its paraneters (e.g. T). In this specification the partial
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"tenperature coefficient of solubility").The graph shows that solubility
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obt ai ned angys@fiysid dldaldvRR sAbR@EebrRFHsS. The above di scussed nmet hod
al | ows growt%, of a bulk nono- crystals of galliumnitride on seeds and
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formof a bulk nono-crystal of gallitumnitride on the galliumnitride eed
crystal . Fibecokheisoutcheotigalmm gnaitmis canpiieresoBaopiampld, galliom enpless ceeldtbieon

of one of {he obtained sa es of crystal seed with two bhulk njtride
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| ayers crystallized on both  sides of e seed were 250 m thick, in total.
The bri ght neswegfturehdoimatiomnaf a ezallivnapitridé Hvensaiwmtady seluion dal otsaingd| dandw

e MR BN S8 N T
ni trogen vaggs@isest: gallfurh Meridé Yatsebds #Rded it particular to formation of stoichiometric
gallium nitride in the form of a bulk mono-crystal of gallium nitride on the gallium-nitride
seed crystal. Fig. 2 in the drawing shows a microscopic view of a cross-section of one of
the obtained samples of crystal seed with two bulk nitride mono-crystals according to the
invention. In that sample a crystal seed obtained by HVPE method and having a thickness
of ca. 100 um was used. GaN layers crystallized on both sides of the seed were 250 pm
thick, in total. The brightness of the internal seed layer is caused by a so-called yellow
luminescence typical for GaN and most probably caused by radiation processes involving
native defects of a crystal, such as for example nitrogen vacancies. In the crystallized bulk
mono-crystal of GaN there is no yellow-luminescence effect, and therefore they can be
easily distinguished from the seed crystal under fluorescence microscope. Lack of yellow
luminescence effect may result from a low level of native defects in a substrate according
to the invention or from a high number of non-radiation centers in the bulk mono-crystal of

GaN obtained. The latter explanation is probable in view of a presence of impurities such
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they can be easily distinguished fromthe seed crystal under fluorescence
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nunber of non-radiation centers in the bulk nono-crystal of GaN obtai ned.
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the metal ion based on the moles of the solvent (molar ratio). In a preferred embodiment

the concentration is from 1 : 100 to 1 : 5, more preferably 1:20 to 1 : 8 moles of the metal

ion based on the moles of the solvent.

The presence of the alkali metal in the process can lead to the presence of alkali-
metal elements in the thus prepared nitride mono-crystals. It is possible that the amount of
alkali metal elements is more than about 0.1 ppm, even more than 10 ppm. However, in
these amounts the alkali metals do not detrimentally effect the properties of the mono-
crystals. It has been found that even at an alkali metal content of 500 ppm, the operational
parameters of a nitride bulk mono-crystal according to the invention when used as a

substrate for epitaxy are still satisfactory.

The dissolved feedstock crystallizes in the crystallization step under the low

solubility conditions on the crystallization seed(s) which are provided in the autoclave.
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200 MPa. The autoclave was kept under such conditions for another 8 days (graph in Fig.
5). The process led to total dissolution of the feedstock and recrystallization of the gallium

nitride layer on the partly dissolved seed crystal.
Example 2

Two crucibles were introduced into the 10.9 cm’ high-pressure autoclave, one
containing 0.44 g gallium nitride feedstock in the form of 0.1 mm strips obtained using the
HVPE method, second containing 0.1 g seed crystals with double thickness, also obtained
using the HVPE method. 0.82 g 4N purity metallic potassium was introduced into the
autoclave. The autoclave was filled with 5.43 g ammonia, and closed. The autoclave was
introduced into the oven and heated to 500°C. Pressure inside the autoclave was 350 MPa.
After 2 days, the pressure was decreased to 200 MPa, and temperature was maintained at
500°C and the autoclave was kept under these conditions for a further period of 4 days
(graph in Fig. 6). The process led to total dissolution of the feedstock and recrystallization
of the gallium nitride layer on the partly dissolved seed crystals.
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the high-  charged with 1.2 g of metallic gallium 6N pure and 2.2 g of metallic potassium 4N pure. |
Subsequently the autoclave was filled with 15.9 g ammonia (5N), closed, introduced into
an oven and heated to 200°C. After 3 days - during which period metallic gallium was
dissolved forming gallium complexes in the supercritical solution, the temperature was
increased to 450°C. A pressure inside the autoclave was at that temperature about 230
MPa. After further one day, the high-temperature crystallization zone temperature was
increased to 500°C and temperature of the low-temperature dissolution zone was decreased
to about 370°C and the autoclave was maintained under those conditions for the next 20
days (graph in Fig. 8). As a result of the process, partial dissolution of the gallium nitride
feedstock took place in the low-temperature zone and growth of gallium nitride in form of
a mono-crystal layer of 350 um thickness on gallium nitride seed crystals - in the high-

temperature zone.
Example 5

A 3.0 g sintered gallium nitride tablet was placed in low-temperature dissolution
zone of the 35.6 cm® high-pressure autoclave and gallium nitride seed crystal obtained by

using the HVPE method, having a thickness of 120 pm and surface area of 2.2 cm® was
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were placed In I gh-tenperature zone, .56 g 4N purity netallic
pot assi um wdissalutionogne ehd 1fx|elxet high-enparators qyﬁakha@l(m Aoine growth ol galliug gtrideN)

ammoni a and cl osed. .Au ocI intro uce into,the qven ed
o about - 428CetPRELuiNs RS BN o e o HE ST e nivEe R Aithae ot
day, tenpeggfuis6o ffn. the high-tenperature zone was increased to 450C, and
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crystals obtained also using the HVPE method were placed in the high-temperature zone, .

and 3.56 g 4N purity metallic potassium was introduced. Next, the autoclave was filled -
with 14.5 g (5N) ammonia and closed. Autoclave was then introduced into the oven and
heated to about 425°C. Pressure inside the autoclave was about 150 MPa. After one day,
temperature of the high-temperature zone was increased to 450°C, and temperature of the
low-temperature zone was decreased to 400°C and the autoclave was maintained under
those conditions for the next 8 days (graph in Fig. 10). In result of the process, partial
dissolution of the gallium nitride feedstock took place in the low-temperature zone and
growth of gallium nitride on the HVPE gallium nitride seed crystals took place in the high-

temperature zone.
Example 7

2 g gallium nitride obtained using the HVPE method was placed in low-
temperature zone of the 35.6 cm’ high-pressure autoclave, and 0.47 g 4N purity metallic
potassium was introduced, while 0.7 g gallium nitride seed crystals also obtained by using
the HVPE method were placed in the high-temperature zone,. Next, the autoclave was

filled with 16.5 g (5N) ammonia and closed. Autoclave was then introduced into the oven
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1.36 g of metallic sodium of 3N purity, and 0.01g of metallic magnesium which played the
role of acceptor dopant. Subsequently, the autoclave was filled with 15.4g of ammonia
(5N), closed, put into a furnaces and heated to temperature of 200°C. After 1 day — during
which period metallic gallium was reacted to form gallium in the soluble form in the
supereritical solution — the autoclave was heated so that temperature in the crystallization
zone was increased to 500°C, while temperature in the dissolution zone was increased to
400°C. The resulting pressure was about 230 MPa. The autoclave was kept in these
conditions for the next 8 days (graph in Fig. 12). As a result of this process, partial
dissolution of material in the dissolution zone and growth of gallium nitride on gallium-
nitride seeds in the crystallization zone took place. The resulting crystals of gallium nitride
were in the form of two-sided mono-crystalline layers having a total thickness of 450
microns. The doping was effective in the layer grown on N-terminated face of GaN seed.
That layer had a thickness of about 270 microns. Its cathodoluminescence spectrum at
room temperature had a broad peak with a maximum at about 2.9 eV (blue). The presence

of magnesium was also confirmed by SIMS measurement at the level of 10'3 / cm®.
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m crocrystalline alumnumnitride in the formof one sintered
gallium nitride on gallium-nitride seeds in the crystallization zone took place. The resulting
crystals of gallium nitride were in the form of two-sided mono-crystalline layers having a
total thickness of 500 microns. The layer grown at N-terminated side had good crystalline
quality: the FWHM of X-ray rocking curve from (0002) plane was 66 arcsec and the

dislocation density calculated from the cathodoluminescence map was 6 x 10* / cm?.
Example 10
(Preparation of AlGaN)

An amount of 0.2g of microcrystalline aluminum nitride in the form of one sintered
pellet, was placed into the low-temperature dissolution zone of the high-pressure autoclave
of 36.2 cm® capacity. In the high-temperature crystallization zone of the autoclave, two
seed crystals of gallium nitride obtained by the HVPE method were placed. The seed
crystals had a thickness of 120 micron and total surface area of 1.1 cm?. Then the autoclave
was charged with 0.12 g of metallic gallium and 1.39 g of metallic sodium of 3N purity.
Subsequently, the autoclave was filled with 15.7 g of ammonia (5N), closed, put into a

furnaces and heated to temperature of 200°C. After 1 day — during which period metallic
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crystalhzatlon zone of the autoclave twenty seed crystals of gallium nitride obtained by -
the HVPE method were placed. The seeds had initial thickness of 600 micron, but were
carefully polished from both sides. After such polishing, the seed crystals had a thickness
of 250 micron and total surface area of 25 cm?. Then the autoclave was charged with 1.9 g
of metallic gallium and 22.6 g of metallic sodium of 3N purity. Subsequently, the
autoclave was filled with 256 g of ammonia (5N), closed, put into a furnaces and heated to
temperature of 200°C. After 3 days — during which period metallic gallium was reacted to
form gallium in the soluble form in the supercritical solution — the autoclave was heated so
that temperature in the crystallization zone was increased to 550°C, while temperature in
the dissolution zone was increased to 450°C. The resulting pressure was about 260 MPa.
The autoclave was kept in these conditions for the next 16 days (graph in Fig. 15). As a
result of this process, partial dissolution of material in the dissolution zone and growth of
gallium nitride on gallium-nitride seeds in the crystallization zone took place. The resulting
crystals of gallium nitride were in the form of two-sided mono-crystalline layers having a

total thickness of 1000 microns.



tenperature of 200C. After 3 days - during which period netallic gallium
was reacted to formgalliumin the soluble formin the supercritical

sol uti on wotlh®3sut ocl ave was heated so that tenperature PCTIPLE2/00077
crystallization zone was increased to 550C, while tenperature in the

di ssol ution zone was increased to 450C. TR& resulting pressure was about
260 MPa. The autoclave was kept in these conditions for the next 16 days
(graph in Fig. 15). As a result of this process, partial dissolution of
material in the digs@lasiom zone and growth of galliumnitride on
galliumnitride seeds in the crystallization zone took place. The resulting
crystals of gall i i r r | hine
| ayers having a 'P%l%}[ea %ﬁ??ﬁ%\gfggdo? ]%)%%1 1%1 ?r@%g g@l@a%%g%gnS gfeg égég& thia!
PCT/ PLO2/ Oogaﬂlunﬂwnnmmdrﬂaw df&rﬁﬂalﬁea&se&iavebeeanscod'emdrhyb@metaﬂiEpkatquede of 7

and 9 have b en eated e aI liumterm ed f

seeds, have® %eén l@‘&}n%@“eég th&al?lg]& TR U FEREe %P‘t‘@g]fl esul?s

pl acing t hemewolstbﬁealmetveﬁn%@bwnecomﬁﬁe&that Eﬁwﬁﬁ%‘f@a@]‘/%ﬂ g%urﬂnh@ernnﬁﬁa%é& ts
wer e obt ai ned, however it has been confirmed rowt h of

galliumter facead e sepdrhasdicen preverted by Iaaxesge@enofpnetalémpéde byalhe)meag@ntseamd‘

nmetallic pl al | ex s of

deposi t ed oﬁh Elb frP{og%Iho'fré’ nﬁﬁ??@ég '&Iré) gSIéEe frﬁ%’( 0%6 © ?eﬁg cﬁl&alls
qual ity wer ef abé wegtequalgy Erasbeidd &aBxhe@leoud daﬁ@cgar gaacRdintd Wilte the
procedure described in_details in Exanple 9. Exanple 20 Procedure as

descri bed i Braerdugidescribed i detailsin Bxesplefial ity of bul k nono-crystal of GaN
deposited on nitrogen-term nated face of the seed crystal nentioned in
previ ous par agr &phinpleadd been repeated except that galliumterninated faces
of crystal seeds, have been coated by netallic |ayer nade of silver,
before placing t E?muedmetdseiebdr@i&dﬁmlﬁxem@twr%(wiﬂoﬂfe kst qﬂmhqauf balkaneno-Giysial ar
i.ned |nce aII| rm nated face of

results were Q’%ﬁ\ﬁ f
the seeds h&E SeHS’éE B Nt Bderﬂvnﬁe& ce®ofe é‘ia enfioned, InprgviIQus
bul k mono- Ly %?A]phpfla@é\éndl‘%ﬁé’a'iécf @ﬁeﬁf‘th@{ %ﬁlﬁgﬁﬁteﬁﬁﬁﬁkﬂ%&g JragesalQbedshfaveed

crystals were ual it 1 Procedure as described in

Exanpl e 20 hegn m@m‘l b}em@mlleqjlaempde oﬁatveor’oefcbre plreinig them i éherhightiedpdraiuee of

each seed CL¥RS 8f o & ?occfe?\ge Jifittar reglﬁ%s were obtamec? as%%esér%\%th 5y Gbl% on gallium-
terminated face of the seeds has also been prevented by a presence of metallic layer and a
bulk mono-crystal of GaN deposited on nitrogen-terminated faces of the seed crystals were

of good quality.
Example 21

Procedure as described in Example 20 has been repeated except that on the gallium-
terminated face of each seed crystal a second seed crystal of the same size has been
arranged with its gallium-terminated face facing the gallium-terminated face of the first
seed crystal, before placing them in the high-temperature zone of the autoclave. Similar
results were obtained, since growth of GaN on gallium-terminated faces of each individual
seed has been prevented by a presence a second seed crystal and a bulk mono-crystal of
GaN deposited on nitrogen-terminated faces of the seed crystals were of good quality.
Actually, each pair of seed crystals used has formed a single flat piece of GaN with

nitrogen-terminated faces on both sides of the same.

Example 22



arranged with its galliumterm nated face facing the galliumterm nated
face of the first seed crystal, before placing themin the

hi gh-t enpwoaBus®4zone of the autoclave. Simlar results weT®PLob@IMed,
since growth of GaN on galliumterm nated faces of each individual seed
has been prevented by a presence a secon2%eed crystal and a bulk
nono-crystal of (GaN deposited on nitrogen-term nated faces of the seed
crystals were of good quality. Actually, each pair of seed crystals used
has formed a sing @ifdxain [H@Fﬂﬁk‘ﬂ{on M1tIF GaN Ee[s%@ﬁ‘fcirﬁfe&bﬁ%_}ﬁ%afr St
both sides of the sane. l]:2x le 22 03/ 035945 PCT/ PLO2/ 000 In this
exanpl e a bas ilustaied urKigt B, showiBgN diess-soetém didherebiainad subsirhiedeonepsiakst r at e
as illustrated in Fig. 17, showi ng a cross-section of the obtained
substrate for epAtmimyary Aupstiateeiag bsetbsded atlecthbes Heer formedds fdllosts: has been
formed as follows: On a sapphire plate 1 having a flat surface

per pendi cul ar t oOhhaesappléid slate 1hevirgra ﬂamsaffac&pamddﬁw@% thed atis b beffo0@ker
usi ng hydrogen as a.,gasequs_carrier anmonia and TGM (tri nethyl

gal liun) as d@@@@ﬁ%lﬁ@ééggwt%ooa‘ﬁdﬂsmséwéw&e@@s Rgaseoys sHESF andypaRenia and TGM

t enper at ur e r ]JI\%Q od.
The nitri de(ﬁrsnemyttl:?gﬁgﬁay%%gé&ggq%%egdsgxa|ﬂée§f:%ﬁ€6%éﬁiggaﬁgm g’l con c]'Eagr&teQl
(Fig. 17-A) nitfidé clemsemdoétot heyerbUf f ewad algposi2d s hp uMDGEDwintetiaal. aThamgtridaf

50 to 500 A. There is.no Iimt of. thickness of nltr uct or ayer

S ot her -t halPHRSRCClE AR By BB S FED RS SCmead s (R shERY | e

Next, the nphfddgy&eNscRMIYE Athid 8¥8ee V8510 NI Thte G ﬁ@ﬁlrﬁlpopﬁﬁﬁi'n@ssaof

surface havi ng a striped structure vvlth parallel stripes 5 (Fig. 17-B). In
Qa

order to avoitd smemmhmﬁorol‘ayelt Reotberp planr thap impared by tNMOCYED gngthod used ded

solution co ta| g ammonia and to keep the supercritical solution in the

unpol | ut ed ?ﬁ?ﬁ} ]ﬁ W'Y hat the quality of the bulk nono- crystal of GaN

is not adversely affected, .free surfaces of_sapphire plate 1 are covered by
mask |ayer 4. SUNRX n}ta%ﬁelalcpgémelazﬁr 3 aiatcdehed 1 e opeaingg Shigace

supercri ti cghying Qi@ Br@u@fwith ?ﬁﬁl‘?@l Is@lpe S e@"?% '17\@}3 i GideS R 8 4 Raction of -

supercritical solution - does no I ntr y pol luting species. Silver
- Ag, is a theisapphiec phateed iveith fher superchiting sehélqmmtalmlagelmmma' lad o ikeepr the
t he h| te rature

substrate pr s describhed abave was .pl aced

zone of the® lg% %ﬁf&@}l%%nh ﬁFdE‘igﬁ‘ﬂ‘B} élssolthfgth 1%“% Qﬁahea | RS no-
crystal of GaN is not adversely affected, free surfaces of sapphire plate 1 are covered by
mask layer 4. Such mask layer 4 is made of a material insoluble in the supercritical
solution or of a material which - when dissolved in supercritical solution - does not -

introduce any polluting species. Silver — Ag, is a suitable material for forming the mask

layer 4.

The primary substrate prepared as described above was placed in the high-
temperature zone of the same autoclave as used in Examples 1-10, 12-21 and a bulk mono-
crystal of GaN was deposited under the same conditions as in Example 9. It has turned out
that lateral overgrowth has dominated and on a primary substrate 3 as shown in Fig. 17-B
constituting a seed crystal, during a 70 hours process, a nitride layer 7 was deposited in
form of a bulk mono-crystal of GaN (Fig. 17-D). The deposited GaN layer 7 was more
than 1 pm thick. Its thickness was nearly 300 um.

Example 23

Procedure as described in Example 22 was repeated except that different primary

substrate was used as seed-crystal.



crystal of GaN was deposited under the sane conditions as in Exanple 9. It
has turned out that |ateral overgrowh has dom nated and on a primary
substrat ewB 0a®3®htown in Fig. 17-B constituting a seed crysu@Lp2/aring a 70
hours process, a nitride layer 7 was deposited in formof a bulk
mono-crystal of GaN (Fig. 17-D). The dep@®ited GaN | ayer 7 was nore than 1
mthick. Its thickness was nearly 300 m Exanple 23 Procedure as descri bed
in Exanple 22 was repeated except that different primary substrate was

used as seed- Cr YGh shpph® ¢ A358A& Rpd4ifthe UHORFRS 1226 20 Sl édnticphdkrl -
after depositing the buffer Ia%{&r: 2 - anitride sem conductor |ayer 3 was
formed by Hwpe 3 waelomed by WhEPHothe layeivasonesetthanck0 nighick. Next0nsg pyrface obf

the ni T dek A8k B3t LBGS: SuMErBnhol BRFuBOdibie ohAPPULS fefhle 1 ves

removed. The us prepared primary su rnt

hi gh-t enperature,zone of the .autoclave and the mopo-crystalline nitri
Mayer 7 nas 1 or B By Piepd prfibe Bls W PR AR R e iR aPhe 51 66,
substrate witbclaveriadkhd A¥RS-cERRUSI e ideNayRa 7 twafodnediyl Tates o9érghdwihi de

| ayer 3 was al so placed in the high-tenperature zone of the autoclave and

simlar results WehesHhd AllN8sbthE RIS satkstaRMvAR AGHEkK My MepRied oflipaf®fh
GaN substrate In the enclosed drawi ng”Fig. 19 shows a sectional view of a

ri dge type suvfakaeenitridsilayke 3198 dlsovplacedan thehighdenhparainresfonadf the rujilave and
(0<-x<0.7) rrul.ti-?lg?ntum%ll (MQWN structure, which is fornmed on the

i nventive sTBSPTSTESTHTCOPREER having a defect density of 106/ cr® nade by
the nmethod of crystalljzation fromsupercritical solution disclosed in the
Pol i sh Pat ent Ap%?f"ﬁnﬂﬁ %n No. P-347918. As shown in Fig. 19, on the

substrate 101 t hefScMBIIRTU Bt b NG MR nethod, a buffer |ayer 102
made of 4 m Al 0. 05Gao. 95N, an n-type contact layer 103 of 5 m

Al 0. 05Gao. 95N d i ' : i NG f
e S8 SN e i ara Ryl P 1DTRYGOL G AY B!y el IR O et
super | atti ¢ied€ a0Prtasingganl Qtivel Ryer 6f Al Gh INNIOL20. 7 AmulNi-quikiitiaowsh MW d

with Si of 5 x1018 /cnB and 100 [ayers of 2.5 nm un-doped Al 011Ga0. 9N and
an n-type offtuctue, Witk foryed omihe igentva spbsirais 105 g€ FaNAjagingsaededs IRpSIX AF

other | ayer gl @, LN ideRENE BFlcry MR zattAP £ BRYsuBErc AL 'sEh il BRI Ofin the
Polish Patent Application No.P-347918.

As shown in Fig. 19, on the substrate 101 there are formed in turn by MOCVD
method, a buffer layer 102 made of 4 um Alg0sGaggsN, an n-type contact layer 103 of 5
pm AlggsGagosIN doped with Si, a crack-preventing layer 104 of 0.15 pm IngsGagosN
doped with Si, formed at 800°C, an n-type clad layer 105 of super lattice comprising 100
layers of 2.5 nm (25 &) Alg0sGagesN doped with Si of 5 x10'® /em® and 100 layers of 2.5
nm un-doped Al ;GagoN and an n-type optical guide layer 106 of 0.15 pm un-doped
Alp15GaggsN. Any other layers than the n-type clad layer 105 may be omitted depending

on the device characteristics.

On the n-type nitride semiconductor layers 103 to 106, there is formed an active
layer 107, which comprises multi-quantum well structure made by combination of 4.5 nm
un-doped GaN well-layer and 10 nm Aly;5GaggsN barrier layer, wherein the well layer
may be un-doped while the barrier layer may be doped with n-type dopant such as Si of
10'7 to 10" /ecm®. In the preferred case, the most upside barrier layer may be un-doped to
prevent Mg-diffusion from the next layer, p-type carrier confining layer 108 containing p-

type dopant such as Mg.



on the device characteristics. On the n-type nitride sem conductor |ayers
103 to 106, there is forned an active |ayer 107, which conprises

mul ti - quawowasskd structure nmade by conbi nation of 4.5 nmCTrRozieped GaN
wel | -l1ayer and 10 nm Al 0. 15Ga0. 85N barrier_Ilayer, wherein the well |ayer
may be un-doped while the barrier |ayer n’?:lZ/ be doped with n-type dopant
such as Si of 1017 to 1019 /cnB. In the preferred case, the nbst upside
barrier layer nmay be un-doped to prevent My-diffusion fromthe next |ayer,

p-type carrier cﬁhmfthe] iasgbdraylelayélo&e@@istf&tmi&dygt@e rﬁﬁ‘iﬂ@ s&ﬁ%ﬁ&uo‘f&q&nﬁ:ﬁ a VO

03/ 035945 PCT/ PLO2/ 00077 .27 e last barrier e ereis forrre
p-type nitrPdéPs EFTYh aordine %’ﬁbrlpgloﬁgl d’mﬁlﬁiop@ae%béﬁpﬁnwﬁbdﬂgmfdgxll&ﬁer

opti cal qui v arerPTobich RRcR 1P S0 E uhoigiibhedt b Rih M pype

super |atti sepecllattict ayer 1a1yw 19D 8090 anpss (695 £03.52nm 1 N
2.5 nm A oé\&)SGao 95N é | east one ofﬁ?hém d@?&ow ml‘Plﬁﬂag‘é/- %Om%

cont act | ayéroeiqanog¥ (atdeashonepof tmmm dapesbwithiMe) any agf tyj)e 2dnthctrigyer Any oﬁﬂﬁlﬁfn

| ayers thanyth ar, 110, ma te end on the
devi ce charact %FIRISO ?‘?SVI ﬁg Gifgpger/(:%l m‘e’bﬁléfvﬁsééﬂl &Ftpﬁ BeF*aag%Veétlrlpﬁn%de
by etching bﬂomlttwrdependiﬂ@bnﬂ@td&vacheﬁaﬁéﬁéﬁ%ﬁl optical guide layer 109 is up
to 0.1 gmin thickness. The described device is also provided with a

strip-like p-el eTh¢ e ISR 9brdVideAUwitita Stisd Biib
Ti/A, a protective |ayer 162 of Zr62 aa |engéliﬁﬁec% eét?ﬁﬁ- aye%]%%éﬁ{ Pm'gl 02

and Ti 02, afife ctsher epiécal gvifledayic2 A 08risl up 2@ Oclf pixi inTehicRniess EXBéseriB&] device is
Seni conduct as di od / GaN subs or, a blue | aser diode
f or mati on WI8% g(ﬁ]?c}aeélt | 3@ 3 8 1k8fp ?lﬁﬁff%itf &IQ ?%Ng/é@l ?)stipiike grelegtrode d2il rpf
pl ace of Al TN, Wb@bflwlayEﬁaszﬁpz% WUSdiBgcific SHARLI f
def ect denm%‘\éﬁof 104/ cn? in place o?f subs% r gt e of %%ﬁ%a({/ﬁgz gﬂ%éfngf:’tand
density of Raselechiodesnl22 and ]é’@cﬂfé\hﬁda‘hqbl e 24, the sane procedure as the
Exanple 24 is carried out to fonn a blue |aser diode (LD) having the
fol | owi ng structExamplp28aN contact |ayer 111 doped with My of 1020 /cn8,
p-type superlattice clad | ayer 110 of p-Al o.05Ga0. 95N doped wth M/
un- doped Al o. oStEmwic@ihictor blue laser diode/GaN substrate
For a blue laser diode formation with an active layer of In,Ga;,yN (0<y<0.7) MQW
structure in place of AlGaN MQW structure, except using a substrate of GaN having a
defect density of 10%cm?in place of substrate of GaN having a defect density of 10%cm?in
the above Example 24, the same procedure as the Example 24 is carried out to form a blue

laser diode (LD) having the following structure:
p-GaN contact layer 111 doped with Mg of 10%° /cm?,

p-type superlattice clad layer 110 of p-Alg05GagosN doped with Mg/ un-doped
Alp05GagosN,

p-type optical guide layer 109 of GaN,
p-type electron confining layer 108 of p-Aly3Gag 7N doped with Mg,

MQW active layer 107 of un-doped Ing 1GagoN well-layer / Iny ;Gag oN barrier layer
doped with Si of 10" to 10" /em?,

n-type optical guide layer 106 of un-doped GaN,

n-type superlattice clad layer 105 of AlygsGagosN doped with Si / un-doped
Al osGaggsN,



p-type optical guide |layer 109 of GaN, p-type electron confining |ayer 108
of p-A10.3G0. 7N doped with My, MW active |ayer 107 of un-doped

| no. 1Ga0. WHN 03083944 ayer / 1 no. 1Ga0. 9N barrier |ayer dopedPpartPogoooef 1017
to 1019 /cnB, n-type optical guide |layer 106 of un-doped GaN, n-type
superlattice clad |layer 105 of Al 0.05Gao.2%N doped with Si / un-doped

Al 0. 05Gao. 95N, WO 03/ 035945 PCT/ PLO2/ 00077 28 crack-preventing |layer 104
of 1n0.05G0. 95N doped with Si, n-type contact |ayer 103 of A10.05Ga0. 95N
doped with Si, Qﬂé@ﬁ_@gevleﬁﬂﬁg1a§;g}21@f0fq,é8)5@§)§g@d ,wilndi, GaN substrate 101

havi ng a def ect densi ty of 10 Nitridé seniconductor |aser

Substrate for p(%,g* f]e(% as used in a nitride
sem conduct or | agtet?ﬁ%%&ll%a[ l'ustrat e F@gp ngbt ai ned by consecutive
epi taxi al deposi But‘}% é‘r 1r(5btorque {igqyel{ls an the substrate for epitaxy as

menti oned above, nmono- Cr Fime. nitride | ayer 7 fornmed by | ateral
overgrowt h: n- ty r K- pr veatl ng | ayer 9 nade of
un- doped | nGaNn, a%?@ﬁ‘%"ﬁ?% fi?aﬁg?ti 851{)1%;81 ﬁ%’r 10 (enmitter) n-type
GaN optical gui d]% Ia er InGaN active layer 12 in formof single- or

mul ti - quant um weFFap &0, ptype Al GaN barrier layer 13, p-type GaN

optical guide |a pe Al GaN superlattice clad | ayer 15, and

p-type GaN cont aghtnriay@mc% uctgrelasert he above | ayers were deposited, the

whol e device was annealed in MOCVD reactor under nitrogen at 700C, in

order to reduce Belsdtsitd \foit ¥piddxyp-ab ygbheained rin déxangded QQ:Muwaerusleayiar a nifdideer

this annealing, the e>iternal_ surfgc;e of the p:-t %e cont act %/

pr ot ect ed semiconductor laser as illustrated in Fig. 20, obtained by consecutive ep1 axial deposmng
of nitride layers on the substrate for epitaxy as mentioned above, with a mono-crystalline

nitride layer 7 formed by lateral overgrowth:

n-type GaN contact layer 8,

crack-preventing layer 9 made of un-doped InGaN,

n-type AlGaN superlattice clad layer 10 (emitter)

n-type GaN optical guide layer 11,

InGaN active layer 12 in form of single- or multi-quantum-well layer,

p-type AlGaN barrier layer 13,

p-type GaN optical guide layer 14,

p-type AlGaN superlattice clad layer 15, and

p-type GaN contact layer 16.

After the above layers were deposited, the whole device was annealed in MOCVD

reactor under nitrogen at 700°C, in order to reduce resistivity of p-type nitride

semiconductor layers.

After this annealing, the external surface of the p-type contact layer is protected
with SiO; layer. Next, the structure is etched in order to form stripes, and to expose mirrors
of a resonator and a surface of n-type sub-contact layer. The SiO, protective layer formed

on the external surface of p-type contact layer is removed by wet etching.

Typically ridges are formed, which are then covered with ZrO, protective layer 17.
At the top part of the ridges p-type electrodes 18 are formed so as to make an ohmic

contact at p-type contact layers 16. Subsequently, on a surface of n-type contact layer 8 n-



with Si02 |ayer. Next, the structure is etched in order to formstri pes,
and to expose mrrors of a resonator and a surface of n-type sub-contact

| ayer. ThwWOIBMEIPF ot ective |ayer formed on the external ®aTfPaoroi7 p-type
contact layer is renoved by wet etching. T plcally ridges are forned, which
are then covered with Zr02 protective |ay At the top part of t he
ridges p-type electrodes 18 are fornmed so as to make an ohm c contact at
p-type contact |ayers 16. Subsequently, on a surface of n-type contact

layer 8 n V\QR3LEGRMS FRCH PEQHA0MAT arrdifhetlyide pahBalt foOF&:ﬁpelQIe@erddcsowrﬁﬂ aand
arranged in parallel to p-type el ectrodes. Also a dielectric nultl-layer

is made of Sieteiiy wplti-pyer is cmaélr:toé SH( BOar Pumigertieratorrrayegmentaf SiPpond Tier s
thin thi |

this Tayer el Eih s Bdcac AURLRy ATESadiE Bl BPHlc ko et B [ 98EL odBl

upon exci ti g wide dunaitaetelxccpt rpsudypé and aygpe dleonoiley npomsxdtihgthe di2€rtric multi-

reflecting the radi.ation d el ectrqde 21 and

el ectrode zi_ﬂys? BMCHPRRERf 2 e 2§ s Phead o Qsmuac oy pichert G Brin
Fig. 20 isq %fe@trozwgz {} nHécQ‘i‘lgEﬁE’ct@ﬁtth Qé%nﬁSHa&%}%k%} Qgsﬂo%%%grz@
equi pped al heat sin or to renove heat effectively. Due to
i nproved quahﬂﬂyn@d a bul k nono-crystal of nitride in the substrate for
epitaxy according to the present invention - resulting in an increased

resi stance to CODh¢ Gaisgabdduepd nitrifpidntiabnduator fprs-aré tquipyedodsewiik htaickitkimt
lifetime of a 100mN | aser erating i.n a continuous ol d

current den§fdeyitempyg heay sEgRvelnddya (GHMPHRKFE BRIy 19t 4@§?wn«5ms{aﬁe? nitride
i ncreased sigRiy éu%gt%té Yor %Tﬁx? lé@cs(}frfh%g E{ﬁfﬂ% RFeQélft e tlaﬁc%éi!ﬂttﬂ% i:c[ile Cﬁ'l%reased

present invention being a layer o o- cryst I'i ne ni ont ai ni ng
gal l'ium andreﬂ;mtarmaaﬂol QOD! (Ctastrboehie Optingli Iaacmagee - einmay deiexpatid thbl kfetimeud a o
troni s for

its good uallt - for use i

rmnufact ur | A4S bisPectating I & shmisianeoge Shbvrell il Sl ot ke,
particul ar f,04 %ﬁﬂ%@&%ﬁﬁth QE)SS&H‘ ﬁrﬂf‘@é'(iﬁ&éase«ll ARRNAGhAFCThe WDsH3H0RP YRax
PCT/ PLO2/ 00077 -30- Clains 1. bul k nitride nmono-crystal characterized in

that it is acvndiogty thetraeseof 1nga1tith¢1ngm lay¢rgd baH@npn@cws@l:lmesletmﬁ eﬂntiammg

pl ane per pendi.cul ar .C i exa lattice of a n| tr

B aurt hoe apaliCth Be oPabRdy Sudt e AR RenciE b ERan Rl m . il od
crystalline quality - for use in opto-electronics for manufacturmg optoelectronic
semiconductor devices based on nitrides, in particular for manufacturing semiconductor

laser diodes.



C-pl ane surface dislocation density is |less than 106/cn2, while its vol une
is sufficient to produce at |east one further-processabl e non-polar

A-pl ane owoMBpbaame pl ate having a surface area, preferablPgT@Lot/emit 100
m2. 2. A bulk nitride nono-crystal according to clains 1, characterized in
that its quality does not deteriorate wiih-thickness. 3. A bulk nitride
nono-crystal according to claim1l or 2, characterized in that it contains
al so elenents of Goup I (1UPAC 1989). 4. A bulk nitride nono-crystal
according to any one of the preceding clainms 1 to 3, characterized in that
it contains also elenents such as Ti, FejaifR C and Ni. 5. A bulk nitride
nono-crystal according to any one of the preceding clainms 1 to 4,
characterized ingt r. d or
nmagneti c dopant% Jl&ﬁ&uggﬁg}el%ét I?lgﬁl ons aﬁcgé}wf &li%% 3 1% %%@ﬁo'%%%g?%?lﬁﬁg{
bul k ni tri deitrdnand rl‘gss&rai;s sction dn ngplne @Bi;peﬁcﬂleul@f té Reaxtiy' of dekapgnall Attiee df t o
5, character zed .in it is crystaltkl zed on.,a surface of a seed

crystal . 7. ealifm trir Faéurﬁ%ﬁffaragrg%taq i L g it domeredhan 60 HehRrdcandris; ed
i de mong arye A Ao R haiE ) TREE, TSI volfpr & Mitieno,
in form of arddlueﬂ apllease om tfm*thamprqmsableehoﬂ-aolas Asplape rodi Muplawe platec hawing aof
hexagonal | at i ce of g ! g}g bde,2 whi |l e the bul k nono-crystal of

gal | i um ni t PR PRP ‘?r%kf tc}rq ni trogen-terninated (000-1) face of
the seed only, the g% erm nated (0001) face  being, bl ocked in order
to prevent growt% & 5]I§I it mOPP1C@§tWSQ@F%E(aIC aﬂfﬁ‘érlecﬂl?aragten?@dom ghat its
nitride _m)ng ﬂft%’%@ncﬁ‘?l%ﬁgf &gwgtgﬂﬁé . 6, characterized in that a seed

crystal is ero-seed nmade o sap Ire, silicon carbide or the like,

with a top nitrigdge f r e n it -pl ane, ;consistin .
essentially of gg)ﬂ ﬁlﬁ%f( rﬁldé g%o, angStJfllh%%éﬂdﬁ)lkg %%%?53%9§50 hﬁ%ffeﬁﬁgéz}‘g%?t
-U-. 0L - - nuortains ko eleintehtscd Gronet AUPSt@I98%. crystal lized on the buffer

| ayer, while at |east one, preferably all the remaining surfaces of the
het er o- seed are goX&uiehitiddmendESERE hécoRliA@EKanyléhe dF thé blecBdihg tRfns 1 to 3,
nono-crystal according to any one of the preceding clains 6 to 9,

char act er i z&kprpgenizegtin fhat jtsopteinstalsoldleneantouch ap Tkl CoyCiondNic f aces
susceptible for lateral growh of the nitride, the surfaces being spaced
apart from each b6tAdwulkanitridemonenmyistal aggording to any one of the preceding claims 1 to 4,

characterized in that additionally it contains donor and/or acceptor and/or magnetic

dopants in concentrations from 10'7 / em®to 10?! / cm®.

6. A bulk nitride mono-crystal according to any one of the preceding claims 1 to 5,

characterized in that it is crystallized on a surface of a seed crystal.

7. A bulk nitride mono-crystal according to claim 6, characterized in that a seed

crystal is a gallium-nitride seed crystal.

8. A bulk nitride mono-crystal according to claim 7, characterized in that a seed is
in form of a flat plate with two parallel faces perpendicular to c-axis of hexagonal lattice of
gallium nitride, while the bulk mono-crystal of gallium nitride is crystallized on the
nitrogen-terminated (000-1) face of the seed only, the gallium-terminated (0001) face

being blocked in order to prevent growth of gallium nitride mono-crystal thereon.

9. A bulk nitride mono-crystal according to claim 6, characterized in that a seed
crystal is a hetero-seed made of sapphire, silicon carbide or the like, with a top nitride

buffer layer at least on its C-plane, consisting essentially of gallium nitride, and the bulk



surfaces of the seed crystal are covered with a protective mask. 11. A bul k
nitride nono-crystal according to any one of the preceding clains 1 to 10,
char act erwped/oss943 hat its surface dislocation density on PCT/PL02/00077
nitrogen-termnated face is close to 104/cnR2 and at the sare-t+ re-thewfund
wi dth at hal f maxi num (FWHM) of the X-raylrocking curve is close to 60
aresec. 12. A bulk nitride nono-crystal characterized in that it is a
nono-crystal of galliumcontaining nitride and its cross-section in a

pl ane per pepdijfdthafio-tQ st Rdrestlfized G @e (Bﬂﬁkr 1a§&1t 'Whﬁe af leAtlonk Lﬁfbﬁf&b‘l}ahﬂ[‘ kg
nitride has a surface area greater than 10 is nore than 1,0 gm

t hi ck and i tesnagning swréacds of the htieomsaddngd «tcyferesl w@sgptqmm@@/sbrm 13. A bul k
nitride nmono-crystal according to claim 12, characterized in that it is
essential ly flat1®o\ bhlkiniiride mattovérygfal ax:cbﬂis’nsg tohary @@ ofi theqrecedihg chaingl kto

nitride nonQ-crystajl ccordln toc racteri.zed in t has a
hi gh val ue of CHRERCEIYZR ﬁnilt?ﬁﬁt%‘?%ﬂ@ll? ansah%lé{a ‘F}égfé'frg?ﬁ‘?é SusgeRy k@?g W‘?@re
10E7 SZ /C"gmmﬂ%f o Riide, Md SrfiGed™iRg dﬁéb%&% AR G Bhdhdoth& AAYthe Renahinkhe
preceding cfains 12 to 14, characterized in t it is at least 100 m

thick. 16. s#rfagkkofithe s¢ed®rymd®r¢¢qwgt®1IWldC@pmﬂ¢QﬁlgemSkI aim 15, characterized
inthat its volune is sufficient to produce at |east one
f urt her - processabl.eA balk gioidrméaptasal accodMingliarey phabdfthegréaeding dainfsact

area at | eas 00 m®. 17, A bulk nitride no- cryst al a cor.di n 0.a one
of the pr ecé@ ra&ﬁe&iz?fjsmf?attlg' sugigee %&F%&ner?qnf% ¥Hlt’for$§? qrinIRL %‘9 %tf‘r#ésf
area greatef, §{ ? thQ Is&f€ rtﬁll?é ﬂlegﬁlﬁ%ﬁl'i:h BDRAT Bax&li¥m (@Vveneh &F tRé Xlray

inch) in formo pl ane perpendicular to c-axis of its hexagonal
lattice. 18rock1dgwukvmstbsd606ﬁramsc¢ystal according to any one of the
preceding clains 12 to 17, characterized in that its quality does not
det eri orat e w t h12.hAc bolkssitridAOnio3Ha4I5 cIRCA&iRd/ MOMaT it 182 ftﬁmo-kmytntdl kof

nitride nono-c¢rystal .accor.djng one of the ecedi n ine 12 to

18, char act & IE@OCOIHF?"PH&th’cC{gc%‘?ﬁO & n‘gro%f'r@ﬁt“@} éheh gln‘t’jfpe@eg‘mfu ar tPlJ?’ﬁ\@S of
1989) . 20~ feliibito Didkibd QP%QHGIQ -Gh¥HiR nRGEOREY DourkRe A% %f@ﬁepﬂ'haﬁ 160 mm?, it
preceding ¢ haracterfzed in that it contains also el erents
such as Ti, 1s|—'racre(ﬂna,nr;f) panthidli and2its sukfabe dislaviation di@lsny)m)lessﬁhmbﬂ /e€eording to

any one of the preceding clains 12 to 20, characterized in that
additionally it ¢®nAabulls nilfidemaoeipstalameeyiny toacldinor 2 relgnatérized in that it is

essentially flat so that its curving is less than 20 micron.

14. A bulk nitride mono-crystal according to claim 12, characterized in that it has a

high value of more than 10E5 Q/cm?2 in a sheet resistance, preferably more 10E7 Q /cm2.

15. A bulk nitride mono-crystal according to any one of the preceding claims 12 to

14, characterized in that it is at least 100 um thick.

16. A bulk nitride mono-crystal according to claim 15, characterized in that its
volume is sufficient to produce at least one further-processable non-polar A-plane or M-

plane plate having a surface area at least 100 mm®.

17. A bulk nitride mono-crystal according to any one of the preceding claims 12 to
16, characterized in that it has a surface area greater than 2 cm?, preferably greater than 5
cm® (diameter of 1 inch) in form of a flat plane perpendicular to c-axis of its hexagonal

lattice.

18. A bulk nitride mono-crystal according to any one of the preceding claims 12 to

17, characterized in that its quality does not deteriorate with thickness.



dopants in concentrations from 1017 / cnB to 1021 / cnB. 22. A bulk nitride
nono-crystal according to any one of the preceding clains 12 to 21,

charact erwped/osis4s hat it is crystallized on a surface of acyged2/enyst al .

23. A bulk nitride mono-crystal according to claim22, characterized in
that a seed crystal is a galliumcontaimdhg nitride seed crystal. 24. A
bul k nitride nono-crystal according to claim23, characterized in that a
seed crystal has the same conposition as the bulk nitride nono-crystal

(hono-seed). 25. 14 Aukk Middel HendBYSREadtSEdhg ﬁﬁ&@f&ieﬂﬁ th®@pret&ing edims 12 to
characterlzed in that both a seed crystal and the bulk nitride

nono- cr yst all 8.cohaeicterized Bithat ihpanpaing algaplemgnts oif ﬁfp‘éﬂal. (IPBAGAI -k nitride
nmono-crystal according to claim22, characterized in that a seed crystal
is a hetero- seed%ra@é)uﬂtf nitradsphonecrystal accordiegtoninyeonsroftthepietdding elpinis K2 toop

itrid b d | d
mono- cr yst af s eiEEred in DT stk aite BPRsRls B ER TR AR et MG “one,
f bl |1 f ft het d, wi
B oot ect ] ve skl & PUkMisibaRia Toae! Hsntsies ot O SreipirGediee HRar Dl
characterizeg bﬁhra{ct&ﬁfze& 1BQHat a[Hdﬁtfdng ¥l?m:(§rﬁ£1n§ AREr Aot RRebt Encﬂ’bxt fﬂa Fr‘etlc

nono- crystal crystal Il zed | ayer consist essenti al

gal | i um ni t dppkats 1:*21&0n¢>ﬁ>ntmr;n:14a(Ils7rﬁr<1zm|lél}a7 /rmﬁ(oo d:®7yé01af' according to any one of
the preceding clains 22 to 27, characterized in that it is crystallized on
a plurality of sp2fadatk muﬁe&pbﬁdsb@sﬁabaccbamgm anygmrmvdfhh@faretdf&gfclhmhsjﬁ tot he

surfaces being aced t fromeach ot her he remai ni ng surfaces of
the seed cryst%p Paaregzeﬁwefiﬁ%fdtncﬁwtﬁﬁ Frdotne i aReedgyystak byl k nitri de
nono-crystal according to any one of the recedl ng clains 22 to

characterized i n28-hatuik mrtrgdecmym-almswi é@%ﬂ&tmé%n%e@ha&%tzaql in H1a¥ apepdof
a plate with, %340& '%O{’)tgglfég‘q s}QgZJ " S%f} two parallel planes
ar X1 S (0} %g

essential |y perpen exagonal lattice and the bul k

nono-crystal is y on_a rfac f the d cr i .

Ul k2 ride mondon el BPaf hy s T Re S0 o 23 G eI BT 0 sty
seed and t g shillhks the karhéleo idil éé&h@bulﬁ@ﬁtﬁﬂ§hloﬁﬁfcﬁi‘sttdladhbﬁw%fiecgm l'ium
nitride and the seed is in ormof a flat plate with two paral l'el faces

per pendi cul ar topg- guf Hlftnd‘t%aﬂ&-eﬁista'l a&éo'nﬁﬁ & clafiRbbll é}{&efc%?fzédlmﬂﬁt both a
nitride, (0001) and (000-1), while two bul rmno crystals of gallium

nitride ar eseadysysibliang dlab Tork bistifie B0oO-clystad somslist essenabydof@allgmnanhitride.

26. A bulk nitride mono-crystal according to claim 22, characterized in that a seed
crystal is a hetero-seed made of sapphire, silicon carbide or the like, with a top nitride
buffer layer at least on its one side and the bulk nitride mono-crystal is crystallized on the
buffer layer, while at least one, preferably all the remaining surfaces of the hetero-seed are

covered with a protective mask.

27. A bulk nitride mono-crystal according to claim 26, characterized in that a top
nitride buffer layer and the bulk nitride mono-crystal crystallized on the buffer layer

consist essentially of gallium nitride.

28. A bulk nitride mono-crystal according to any one of the preceding claims 22 to
27, characterized in that it is crystallized on a plurality of surfaces susceptible for lateral
growth of the nitride, the surfaces being spaced apart from each other and the remaining

surfaces of the seed crystal are covered with a protective mask.

29. A bulk nitride mono-crystal according to any one of the preceding claims 22 to

28, characterized in that it is crystallized on a homo-seed crystal in form of a plate with



31. A bulk nitride nono-crystal according to claim 30, characterized in
that it is crystallized on a seed with one of the faces perpendicular to
c-axi s ofwbagagtonnl |attice of galliumcontaining nitrideCT(FRODA)7Dr
(000-1), covered by netallic plate nmade preferably of silver. -32. A bulk
nitride nmono-crystal according to clai m3%-characterized in that it is
crystallized on a seed with one of the faces perpendicular to c-axis of
hexagonal lattice of galliumcontaining nitride, (0001) or (000-1), coated

by metal | i ctdhap@bilel Plaes eaehialippgpaidicuddr!t¥ @Laxis3ot itshdRbidhaNiaktidedRd the bulk
nmono-crystal according to claim30, characterized in that it is

cryst al | i zetnosarcaystad ésicriptathizethen alil syrfaces olctbs sepergsesidi cul ar to c-axis of
hexagonal lattice of galliumcontaining nitride, (0001) or (000-1),

bl ocked by arrangfi.ny bolk tilvade pomerystal adverdisgtdclains 22 amhdrasteadedcinytbatad sepfl

corr eopondi A5 Pcatk ATHEE RapREt e iopne srmsbl o ghuush nles ml thecsprcis in
nONOo- cryst akorACed flhiglateOn it ¥wd pQGREl ftbsHetpdiBichlar k@ c3Ris ofHRRAAMBETakZRD A N
that it is crystallized on nitrogen-terrri nat ed (000-1? face of the seed

only. 35. saljumkconfainingaittidao0ePi)sand (086-dor whily twe bulkainanaarysitraefagalbvinz ed
inthat it H&ﬁ%?aag%%}g;gfﬁﬁ%iz%ﬁro%%%ﬁl Sgl%ﬁlfé‘%xf’%@%%fgdf%gétgl nono-crystal that can

be crystallize um terninate e of the seed crystal. 36.
A bulk nitride o;qrystal.,according to claim34, chargcterized.in that it
s oner surt age Ao ARHAS OGRSy RIS i Kbl to Ry egrs ihait dae e
crystal | i zegryo@lliz8dbhialded QifH diRtdrdhd %@ﬂer{:&fﬂ%@ir tb RexBLSThekhychbPlatticdBf

03/ 035945 PCIT/ PL02/ 00077 -34 37. A bulk nitride nono-crystal according to

cl ai m 34, challinateniaiaug nhrided00G1) on&d00al), basterask byenelietlic plate mads ipsaferablyyof

than a bul ksiﬁ%é?o-crystal that can be crystallized on gallium term nated

(0001) face™of the seed crystal. 38. A bulk nitride nono-crystal according
Ln that it has |ower val

t | ai m 34, ch i . f full wdth.at
ot T ottt i O i B RSl il Mordleve sHian G ettt G df
that can becgkmatAal bh?aeéé_e%) Withedrlel 3Fhd BB PRbaRi PR k-dxdCer &&agdfﬁ%% %ﬁ‘% of

crystal. 39. A bulk nitride nono-crystal according to any one 0
precedi ng ckallimg-Qataigng 38ride{80GI0t0e (V3et), coatedby nietallis laytn peefetiablyovads e
density on Qlil\;e;ogen-term nated face is cl ose

33. A bulk nitride mono-crystal according to claim 30, characterized in that it is
crystallized on a seed with one of the faces perpendicular to c-axis of hexagonal lattice of
gallium-containing nitride, (0001) or (000-1), blocked by arranging on that plane of the
seed a second seed crystal of the same size with the same face: (0001) or (000-1) facing the

corresponding face to be blocked of the first seed.

34. A bulk nitride mono-crystal according to any preceding claims 31 to 33,

characterized in that it is crystallized on nitrogen-terminated (000-1) face of the seed only.

35. A bulk nitride mono-crystal according to claim 34, characterized in that it has a
better surface quality than a bulk mono-crystal that can be crystallized on gallium-

terminated (0001) face of the seed crystal.

36. A bulk nitride mono-crystal according to claim 34, characterized in that it has
lower surface dislocation density than a bulk mono-crystal that can be crystallized on

gallium-terminated (0001) face of the seed crystal.



to 104/ cn? and at the sane tine the FWHM of the X-ray rocking curve is
close to 60 arcsec. 40. A bulk nitride nono-crystal according to any one
of clai WD B03B¥93; characterized in that it is obtai ned ¢gT@LOBOMOI

i nvol ving dissolution of a respective Goup X Il (1UPAC, 1989) el enents
feedstock in a supercritical solvent and3drystallization of a desired
galliumcontaining nitride on a surface of seed crystal, with
over-saturation of the supercritical solution with respect to the desired
gal I i um cont ai ”'mA”bﬁlk'nﬁﬁdQ%ldﬂg d’rf‘s@él%@brd&)g t5ReRMNS 3af cﬁ&éﬁ%&[z@&% ﬁlaglt%h gnt
and/ or pressure change. nitride nono-crystal according to claim
40, char acthetier elgcirigalt l’i‘atstlvltty |ﬂ®n a)btﬂ& meno-piy stal that el be rovpstallizegl o geldivot-i on

of a galliumcont tock,in a supercritical solvent and
crystalli 2 2 1B tS?(‘gU‘W Ogﬁf %ea%“é{ﬁta% surface of seed crystal, at
tenperature hig essure | ower t th d| ssol ution groc ss
42 A bul k- nit 11 de Bt Heramcs gy AR e gl atotarmeetgr b e
claims 40 twef talueaf Al ﬁz’idﬂ% %@l hhif Iﬁa{muﬁMWHw&fth& Ix:ﬁiy l%ekm%r&weoma@hns
NH3 and/or its derivatives, i ncl udes ions of el enent

(1 UPAC 1989%fulk nznotapsial t|b@1t mbmmwatallm ion rgailome fermiriageds @OALX ek of dnasmds

essentially of alliumcontaining nitride and/or its precursors, selected
froma grou% el udi ng a2| des i mdes, am do-im des, am' des, hydri des,

gal lium contai ounds nd al | o t al

XI11 (1 UPAC, 19343‘%] A gplk aimcgorﬁagémapz OQSP’F F}t?rﬁre mgﬁlﬁmsg
nitride monmyg Q:héiﬁét@ﬁze@ciﬁ%ﬁ'1ﬁg;u¥f90ecd1ﬁb53tf3)% deRSBS &Pﬁ%?é@%mﬁ&aﬁé&%cé R dde
process in whi (i is obtained crystallization of galliumcontaining

nitride takteslwcaceandrat the same divheathe, FWHM eiphe X-ayeocking rrun@ois desegd@60and

at pressures from 10 MPa to 1000 WD 03/ 035945 PCT/ PL0O2/ 00077 -35 MPa and a

nol ar rati o™6i° ons of el enents of Goup I (1UPAC 1989) to the remai ni ng
sol vent ranges from 1: 200 to

conponents of th gp ri X f%
bulk nitride nonBc yEPliﬂ geﬁﬁrrap%crtyaaaa&fz e QY aOPer9iz & Hfl%q ltﬁat s a
source of alpedlcierPBA & thaR s @Atméa bm@tﬁo@ﬁw@ﬂv |d1ss6ﬁitﬁh FAFRPE Group

excl udi ng those containing hal ogens, are used A bulk nitride

mono- cryst aKIIa¢EHR ACH 99&9\) ed;drmms fr2dstedkainax S@erczréntal splvénatand ey stallization of a
crystalliza |on i contr means 0 ratur

o vesure or Meited slRontupEE migE PR doPlaed P eI BTF oG afurkih of me

crystal | i zadupeRrisit&bolution with respect to the desired gallium-containing nitride being reached

by means of temperature gradient and/or pressure change.

41. A bulk nitride mono-crystal according to claim 40, characterized in that it is
obtained by a method involving dissolution of a gallium-containing feedstock in a
supercritical solvent and crystallization of gallium nitride on a surface of seed crystal, at

temperature higher and/or pressure lower than in the dissolution process.

42. A bulk nitride mono-crystal according to any one of the preceding claims 40 to
41, characterized in that the supercritical solvent contains NH3 and/or its derivatives, and
includes ions of elements of Group I (IUPAC 1989) - at least potassium or sodium ions,
the feedstock consists essentially of gallium-containing nitride and/or its precursors,
selected from a group including azides, imides, amido-imides, amides, hydrides, gallium-
containing metal compounds and alloys, as well as metallic Group XIII (IUPAC, 1989)

elements, especially metallic gallium.

43. A bulk nitride mono-crystal according to claim 42, characterized in that in the
process in which it is obtained crystallization of gallium-containing nitride takes place in

an autoclave, at temperatures from 100°C to 800°C and at pressures from 10 MPa to 1000



46. A bul k nitride nono-crystal according to claim45, characterized in
that it is crystallized at tenperature ranging from400 to 600 T. 47. A
bul k ni t rwoe3sfssses crystal according to claim42, characterczgdor/morhat it
is crystallized in an autoclave with two separated zones, dissolution zone
and crystallization zone, and with a tenp®rature di fference between the
two zones during crystallization not higher than 150C, preferably not

hi gher than 100C. 48. A bulk nitride nono-crystal according to claim47,
characteri zegpd fhd Baholhdt ratid ofC 'idifstcﬁ*élérﬁé‘rﬁs Wﬂ'(‘;lrguIPP@IUP)AC'1%9?%!3’&1'651@51‘dﬁﬁﬁg on
of supercritical solution in the crystallization =zone of the autoclave
with the tweompprentsafdhe sunstcritisalosotrsntmanpen figmal :BP@tet:2r mi ned tenperature
di fference between the two zones by using a baffle or baffles separating
the two zones, #h. Arbidk nitvide omdroadrystalcirenidimg to olass P21 clemsperized ettt eas & he
two zones. 49. A hulk nitride 0-.C a rd|n to claim47 or 48,
char act or i 2aatte of ! il rgnS GRS pr, AT oo cofpapals et Cufingobhes on
in the crystghthin!Haldhchs e Bdedt he autoclave with two separate zones and
with a predeterm ned terrperature difference between the two zones - is
achi eved by meangsoh Hlﬁknatr&legx%m@&& qatho%mg'tocc%h@u ! b dilzed U4t
formof a corresponding nitride avi a total surface area i gher
than a t ot atystllifatioe 1sa¢cenroﬁf:d bgenleans 133 adghsiingsterﬂlpelﬁﬁne And pteksune bf ddsolution
nono- cryst al inadir i on paral| t.o c-axis of hexagonal lattice
of gallium ﬁﬁeg %%@%L”{ ??ﬁ'érF@?F’EYS anW%StEBnt aining gallium corrpl ex

conpounds at Ga: NH3 nol ar ratio of nore than 1:50, in _order to have
thi ckness hi gh 8fotigilk @itsge @Wanryqstéla%qcom fo plpHRAS %?éé@@ra@ﬂem/&hﬁllaﬁe

M pl 945 PCT/ PLO2/ 00077 -36 51.
or Mplane galditat fhl ﬁ%tu%g%%ﬁghsmmtg%g%

A bul k nitride nono-cryst seed having no substantial tilted

Compounds.  havi nd o8 g RIS ARElE A Rsalite LOChE: Do hllfundd T AR D o

a nitride sefisetindddh ah alex¢laee wittorwestphiaesdednes, Wssoltitibhl lzndaid ¢rststallization
nono-crystal according to any one of preceding claims 1 to 51,
char act er i z&eRS gnd W‘&'Eh 7 termperafyye %Lﬁfp@n%bet@fﬁw &yo gnsudnring cryistailizgtion not

sem conductq)lghle Qggretégﬁb&fno@gg& 6(50@6 nono-crystal according to

any one of c al ms or épi t axy.

48. A bulk nitride mono-crystal accordlng to claim 47, characterized in that it is
crystallized while controlling over-saturation of supercritical solution in the crystallization
zone of the autoclave with the two separated zones, and maintaining a predetermined
temperature difference between the two zones by using a baffle or baffles separating the

two zones, in order to control a chemical (mass) transport between the two zones.

49. A bulk nitride mono-crystal according to claim 47 or 48, characterized in that
control of over-saturation of supercritical solution in the crystallization zone of the
autoclave with two separate zones and with a predetermined temperature difference
between the two zones - is achieved by means of using a feedstock material containing
gallium in a form of a corresponding nitride crystals having a total surface area higher than

a total surface area of seed crystals used.

50. A bulk nitride mono-crystal grown in a direction parallel to c-axis of hexagonal
lattice of gallium nitride seed in a supercritical NH; containing gallium-complex
compounds at Ga:NH; molar ratio of more than 1:50, in order to have a thickness high
enough to obtain at least one further-processable A-plane or M-plane gallium-nitride

substrate.



54. Use according to claim53 characterized in that a substrate for epitaxy
has a formof c-oriented GaN bul k nono-crystal of 2-inch dianmeter. 55. Use
accor di ngwom®3obmisn 53 characterized in that a substrate f®CT@no2/600y7 has a
formof A- or Mplane GaN nono-crystal plate having a further-processable
surface area of at |east 100 cn®. -36-

51. A bulk nitride mono-crystal grown on a seed having no substantial tilted crystal
axis by means of a supercritical NHj containing gallium-complex compounds, having not
so much surface roughness as to decrease lifetime of a nitride semiconductor device

formed thereon.

52. A bulk nitride mono-crystal according to any one of preceding claims 1 to 51,

characterized in that it is suitable for epitaxial growth of nitride semiconductor layers.

53. Use of a bulk nitride mono-crystal according to any one of claims 1 to 52 as a

substrate for epitaxy.

54. Use according to claim 53 characterized in that a substrate for epitaxy has a

form of c-oriented GaN bulk mono-crystal of 2-inch diameter.

55. Use according to claim 53 characterized in that a substrate for epitaxy has a
form of A- or M-plane GaN mono-crystal plate having a further-processable surface area

of at least 100 cm?.



