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Gallium nitride (GaN) based electronic devices offer superior high voltage, high
power, high temperature, and high frequency operation, as compared to analogous
devices fabricated on silicon, gallium arsenide (GaAs) or indium phosphide (InP)

substrates due to GaN’s wide bandgap, high breakdown field, and high saturation
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p electrlcal insulator, forcing electrical contacts to be made above and to the side of the

device structure, rather than above and below (a so-called vertical device structure),
wasting space on the wafer. In addition, sapphire has a rather poor thermal
conductivity, limiting heat dissipation. Sapphire has a large (16%) lattice mismatch
with respect to GaN, so that even with the use of buffer layers a very high level of
threading dislocations (107-10" cm™) is generated within the device structure. The
excess strain in the device structure, due to thermal expansion mismatch, results in
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degraded performance, device yield, and reliability.
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Phot odetectors could also be used in a wide variety of
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optimization of combustlon conditions and improved energy efficiency and reliability.
" Photodetectors could also be used in a wide variety of sensor applications, both
civilian and military. While current heteroepitaxial technology allows for production
~of commercially viable GaN-based LEDs and LDs, the photodetectors that can be
produced with current technology are marginal in performance because of very high

defect levels.
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. U.S. Patent Nos. 5,637,531 and 6,273,948 disclose methods for growing gallium
nitﬁde crystals at high pressure and high temperature, using liquid gallium and
gallium-based alloys as a solvent and a high pressure of nitrogen above the melt to
maintain GaN as a thermodynamically-stable phase. The process is capable of
growing electrically-conductive GaN crystals with a dislocation density of about 10% -
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10° em™ or, alternatively, semi-insulating GaN crystals with a dislocation density of
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the undoped GaN buffer layer in a high electron mobility transistor (HEMT), for
example, in which transport by the two-dimensional electron gas is designed to occur,
degrading carrier mobility. In addition, the presence of the point defects scatters

phonons in the bulk GaN substrate and degrades thermal conductivity, which is

detrimental to achieving theoretical performance levels in GaN-based HEMTs.
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grain of a thick HVPE film; however, the dislocation density between grains, most
likely comprising pfedominantly edge dislocations, is expected to be much higher. In
addition, strain is present in HVPE wafers due to the thermal expansion mismatch

between substrate and film. This strain produces bowing upon cool down of the
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fooredainthe cealéssed fiaNanatenalrip deposited by HYEEag o

di sl ocations. In addition, an ELO GaN substrate is not
The BIYS process is capable of large reductions in the concentration of dislocations,

particularly in the regions above the mask, typically to levels of about 105 - 107 cm-.
2. However, light emitting devices fabricated on ELO substrates typically have a
surface area of at least about 104 yum2 (104 cm?2) and still contain a substantial
number of threading dislocations. In addition, an ELO GaN substrate is not a true

single crystal although a number of authors do refer to ELO structures as single

crystals. Each individual GaN crystallite constitutes a grain, and there is typically a
7



single crystal although a nunber of authors do refer

to ELO structures as single crystals. Each individual
wGad4meyesal |ite constitutes a grain, and thereCrTAS2003/041255
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may also increase reverse-bias current leakage, degrading the performance of diodes,

transistors, and photodetectors. Clearly, the presence of even a single dislocation

within a GaN-based device can degrade its performance and/or lifetime.

The tilt-grain-boundary structure and lateral strain persists throughout an entire ingot

and therefore into each substrate sliced from this ingot. In other words, no substrate



within a GaN-based device can degrade its perfornmance
and/or |lifetime. The tilt-grain-boundary structure and
woab@roaio2st rai n persi sts throughout an entire Pagms2003/041255
and therefore into each substrate sliced fromthis
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Et to form ANH2 + 1/2 H2 and are therefore al so
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THBeSr#R ArtGhythbd genefallyaisé M@bamaidrmytry,vwﬁmtm addltlon ofa
di sl ocati on densH?/ above about 106 cm 2, have be
d

mi@%lﬁeé& ossn fEane at Jeastaagi o |AonA Hpe Qe ARut¥hsres Ads an kali atom

Cl oj}@hé? okt g gﬁa%éré:tgg) a r adl en‘i][ g 4 g;a ly react[ B form
(ﬁg{%et ae ’cherefgre@sopggn%{&tereﬁ%glsfcC q&ov%lfem%ly small crystals

or mm-sized crystals of rather poor quality, with a dislocation density above about

100 cm-2, have been reported to date. In addition, these authors do not disclose the

use of temperature gradient profiles to optimize growth on seeds.

* Bven more recently, Dwilinski et al., in US Patent Publication Nos. 2002/0189531A1
and 2002/0192507A1, and PCT Patent Application WO No..03/035945, disclose an
improved ammonobasic method for growing GaN involving the use of compound

terhperature gradient profiles. These Dwilinski et al. references disclose a dislocation



and 2002/ 0192507A1, and PCT Patent Application WO No.

03/ 035945, disclose an inproved ammonobasi ¢ net hod
woaoo4geomes ng GaN i nvol ving the use of conmpoundPCT/US2003/041255

tenperature gradient profiles. These Dwlinski et al.

references disclose a dislocation 9 WO 2004/061923
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buir s Woeeffdctive whah e fraehier@gomsh tpeﬁeﬂiretshﬁ:e ths ecfefences teach the
aut ocl aves as pressure vessels -- autocla es caﬂ )

. Usgaplo| gPipQdaen a8 RFESSMFRLINGSSPIS o5 Sltaslayes Gat ya‘é X BEeh a maximum

e C
pS5hL 1 o KBRE) b pudBRRl b MEPORTR iy 02
peHy hmﬂl;omger MixoMBosaacti¢ved byadivagtionsk M@OVanmisthMS) m&sing
about the econonic viahility, of the nﬁthod French
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met hod for GaN growth in supercritical amonia or
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o 8 gnd i rmesgrai et a i, SC, ARt PG RBE Sy seal

péssﬂﬁ@%@éé@lewgﬁ K3BAH in I8 at0RG \Wﬂ?@ 11ﬂ’iﬁ‘éd‘hﬁ9nﬂﬁrﬁ hr&sBre of 5-6
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Therefore, Demazeau di scloses no nethod capapl e of

_ (North- Holland 1982)], limiting the maximum temperature, reaction rate, and, in all

likelihood, crystalline quality. Therefore, Demazeau discloses no method capable of

reaching the higher pressure range, and does not demonstrate GaN crystals larger than

1 mm in size.

US 6,398,867 to D’Evelyn et al. discloses a method for temperature gradient

recrystallization of GaN in a supercritical fluid at a pressure greater than 5 kbar, a
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reachi ng the higher. pressure range, and does not
denonstrate GaN crystals larger than 1 mmin size. US
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VagARCi G600 p@leqte@h@ Ven ge Wﬁ@l Ehys. AveB i%\Bel\QQ?O (19k9ﬁ’ kMﬁ have
t
RS R e R 50y R SRR P

kAT ciyRfal ar@Rth hrfods S a6t §ﬂ)@z€dd asfedy fof passivating Ga

300-400 m't hick GaN sanpl es grown HVPE reveal ed
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So imted work has previously been carried out on

bétarei AGOManbap0a amiathat Efnldrbe dsBgded tac bpdrogenated Ga vacancies

subgtra gs Witing in the Journal of Crystal G ow h,
% et al. reported that honoepitaxi al
honDJunctlon GaN LED devi ces denonstrated a doubling

Sé’ﬁle 1iR8te8NI &R A8 pretfoRBS Ye¥n Eakidll bMeor forinig: Riradepdiaxial LED or
devi ce on a sapphire “substrate. However, honojunction
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t.ero S I
P by R S b QR G LDl R aifed o
d&iblfﬁlg ofdhenethissibh efiteAsity flﬁdtfv@rtﬂsameeanaﬂ)\gaﬁi GQﬁSe on a sapphire
rel ative to caonventional  heteroepitaxi ﬁl LEDs.
substrate. However, homojunction GaN LEDs have muc lower emission intensities
than InGaN/GaN heterojunction LEDs, as is well known in the art. Therefore, the
devices demonstrated by Pelzmann, et al. do not offer any performance advantages

relative to conventional heteroepitaxial LEDs.

Kamp et al. have developed a method for the formation of GaN crystals with
homoepitaxial LED growth thereon. This work, reported in the MRS Internet Journal
of Nitride Semiconductor Research, focuses on the application of chemically assisted

ion beam etching as a method for polishing the GaN crystal prior to LED formation.
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Kanp et al. have devel oped a nethod for the formation
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RS S S] QlBites ol Bl R Bt RO o “anc
phot odet ect ors on GaN substrates grown by
. Homoepitaxial LEDs, laser diodes, and photodetectors on GaN substrates grown by

HVPE, either without or with ELO techniques, have been disclosed by Flynn et al.
[US 6,447,604], by Yasan et al. [Appl. Phys. Lett. 81, 2151 (2002)] and by Tsuda et
al. [US 6,294,440]. However, these devices suffer from the shortcomings discussed
above, including dislocation .densities of approximately 105-108 cm=2 and the

presence of tilt boundaries.
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di scl osed by Flynn et al. [US 6,447,604], by Yasan et
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et al. [US 6,294, 440] . However, these devices suffer
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- with aERYn @enstiyEed MENTG‘Gh?.n accordance with one

aspect of the present invention, there is provided a
GaN sin crystal at | east about 2 mllimeters in

SHIMAMiY OR/\THE INVENTIS®™Nt i on density | ess than about

104 cm 1, and having substantially no tilt boundaries
Ir?gc%omahge {ith QXY 9§J&ct of the present invention, there is provided a GaN single

crystal at least about 2 millimeters in diameter, with a dislocation density less than

‘about 10* cm™, and having substantially no tilt boundaries and with an oxygen

impurity level below 10" em™.

In accordance with another aspect of the present invention, there is provided a-GaN
single crystal at least about 2 millimeters in diameter, and having substantially no tilt
"boundaries and with an oxygen impurity level below 10" cm?, wherein the single

crjlstal has a photoluminescence spectrum which peaks at a photon energy of between
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impurity |evel below 1019 CM 3. In accordance with

anot her aspect of the present invention, there is
wonovicdexdsa GaN single crystal at |east about P@T/US2003/041255

mllimeters in dianeter, and having substantially no

tilt boundaries and with an oxygen inpurity |evel

bel 1019, Cv rein the single .¢ tal has
et S s i St b S er o brr s R S04 B b gbodiment,
the r&@fs%l cOhtaR8 hY8RBen 3 HEAnZBR4CQRE IR 3n REHLEANBR R4} @O near
about 3.38 and about 3.41 eV at a crystal tenperature
3675 @Od)with an ebrertembe pémmnit thickhdss goayes tladn abont GDhsm L.
hydrogen in a formthat results in an infrared
absorption. near mLl, wth absorb
I SRee B Rt B e e P Bt Bt MooT ep method
 cORpNERREe stepd bf 0'@@ ﬁﬁﬁﬁﬁ dg hg Qf nﬁdl‘&h@ﬁee%ﬁfgr ihny eRstl RBion of a
there 1s provided a nmetho nprising the steps o
clamybepr(by providinga iy etmr%matﬁeﬁk iora sagord fagiagy ofitég ichambdr; (c)

b N sour.ce materi.a
pRET PN, st B SRS TR e SHERE o3 eleShoraing
alﬁphoaemg d first l"&hﬁétﬁ%&ﬁsmbdﬁorpﬁﬁﬁsﬁiﬂ tRé BalvEmes Ghgdiirated in
ihy %rﬁgener ating and holding a first tenperature

|

t ragian eh theuelranpbestand hwich dhatetherei s & fipd rtsmperetire gradient
b%tﬁreer{ e Ill!l(ﬁ?&ttlofl &b&? R t%lg %a‘f\h@ | erl??a@éjrbztjsﬁgh tﬂlﬂa}q GaN crystal

ure ween

gmmloaahe oticletivhesentzn dnd (513 géﬂﬁ‘h‘[ﬂ@lﬂ' @eonthieaiporiturs lmémbutlon in
that GaN cyrystal 5é@rows on the nucl eation center_ and

RS g T e A @nesfirﬁﬁ 15gtonc the chamber

< TIPS oy OO0 i SLERE L0
* thesGaN sswored ntatamjak rsaclu rtmtgGaNl @fmtalbgtamenn tthe nucleation center,

ucl eation c N source materja
Wi B SEod, ROl SHOIHE B EhtPoRegai s, han the first
WhRF 28 gﬁ-zilﬁerﬁ %ﬁ&"ﬂﬂa é@&@ﬁéﬁw £11O1:AF 88! fo &hd é&&’fd" tehff)erature
than the first enper ature. gradi ent and

Itu
dl@h‘%@tlaﬂl thgn dou the ﬁmtt@np@atgree@stelbutﬁm t he second
terrperature di stribution than for the first

&ggl%r gée%% gnostﬁér agﬁx%et ap the r;ﬂres%ﬁt 1%v%nqlo%eth\e\%et 1? glao%g(i giea;method |

as EC lﬁ prese ere’

oihﬁhhﬁ@ a GﬁNfsil{gle Bysat. @hle ﬁieﬂgid&:o@{pyﬁétaihe sﬂaﬁ)@ offetaf ffbviding a
npri ses the steps. of %‘ providing a nucleation
m&%‘?%léla cepfersingg ﬁr§t reg@@. of i3 HrmBerR g ﬁrﬁta%ndq gb)preyiding a GaN

SR b MR SO 89 Wi
a advsodiveang in theGhbinba; ‘Qda)rltres;sunzﬂng tbdfld’min&fer td dpressure of between

ressure of

5 %ﬁg%@g{ | Zla@? g%lze?atégﬁ%%:]gql geﬁﬁ rsf, Eﬁn&ﬁ:eﬁ Le &ﬁtpﬁﬁtlon having an
oSO PSSO 0 By =P v g
- supesstiturdted Sol thenfirsi segion of the chamber and such that there is a first
temperature gradient between the first end and the second end such that GaN crystal
grows on the nucleation center; and (f) generating a second temperature distribution in
the chamber having an average temperature between about 550 °C and about 1200 °C
such that the solvent is supersaturated in the first region of the chamber and such that

there'is a second temperature gradient between the first end and the second end such

14



supersaturated in the first region of the chanber and
such that there is a first tenperature gradi ent
woetmwem28he first end and the second end suchpthas208abi1255
crystal grows on the nucleation center; and (f)
generating a second tenperature distribution in the
chanber havi ng an average tenperature between q%gom
temperature

tha Gl eetabBENTS 9pdbe auclearan peuen Fherdn e econ
| RET RO tiR dnddhi | ' thgraaRargd R drystal
glé%ﬁgﬁtr fshgdﬁe?tlﬁg?ééﬁl@hg ﬂfééentr:g&r?dﬁlt%glrtrpe éﬁtgr egrga1 radi ent ysta
gibetineate ishgrefiier for ¢ segoidt fempsetwna odistnibugerc thanl forwhe first
2004/ 062}92 PCT/ US2003/ 041255 that GaN crystal grows
tegperagie qIsHL fon center, wherein the second
tenperature gradient is larger in magnitude than the
Inf dcbSidat QIR RHRE a9pRE bEMe pAdent iRPerftionSthete is FANAdA a method
- rate is greater for the second tenperature = -
oftfosminigbu Gadhsinglgreryssal. tTHee ficthed compiiges @ previding a nucleation

oSSR e O EEBREREFGi £ DB RBL 8 RRTRE g7t e
mbRFial Mt fectRNegiohodfahe elahtidr having ansetdiRidendld (§) rpréEdinga) GaN
providing a nucleation center in a first region o

f a
sodyrmtibe theh glamhera(d inressueziag the vhasalsyi () regneraagiasd hplding a
n,. eql -t ] '

R
thefasheid; an(dhe pecend efid;znd (Nt ferettiaghaecondapmygentratistipution
~and holding a- first tenperature distributiop such ,
ing Fhgt chpres Sugh ghat; thersofvempb ds SpRRreatiiiedi initiep Bisheggion of the
cHdibet 1?5& Su8thaft tbed g‘se'a §§&gﬁﬁ qeﬁﬁ%ﬁﬁ'@ gﬁaﬁfe)nﬁ PERRIAhOBird end

second tenperature distributio I'n e chanber such
aridhiht stdoad entl vecdt thasGsNpeyssatenowy enlthemucteatifn cettery whewm the

of the chanber and such that.there is a second
i<t {FEPAP I EHOIEH & EoTBE/RRH &1 FIERSEORHE SErapd; fpgwerature
g2@kand end such that GaN crystal grows on the

nucl eation center, wherein the first tenperature

gradient is zero or opposite in sign fromthe second.
It evvperdancgr @ithgoaeli aspect ph the quessah devaltion, dhe atsppravided a

of th esent i.nventi e ] royi .
gt LR R b i b e P e eomprises at Loast
orldpithR1H]l 6emizonfuick&dsyetdidpesst on @8RgRNIryaxl sabstrate comprised of

sem conduct or | ayer di sposed on a_single c

3 ) . ¢ I yst al
gallipmnmiride, the FEbTEEbNne & S199caHemAensittdoss thin dhgmsi §'apes om’
i K ' i ' | Ao : .
SRR S ASRHLO R P ESE AP AR e
ichaietl iantheedetteotialdesieni whioch umhoriseayee ofsa transistootedectifier,
in the el ectronic device which conprises one of ‘a
thyrigiesi d sascofesviteh-er . thyristor, and cascode switch.

In another aspect of the invention, there is provided a method of forming an electronic
"~ device comprising: providing a single crystal substrate comprised of gallium nitride
having a dislocation density less than about 10* per cm? and having substantially no
tilt boundaries, and with an oxygen impurity level below 10" cm™; homoepitaxially
forming at least one semiconductor layer on the substrate, wherein the electronic

device is one of a transistor, rectifier, thyristor, and cascode switch.
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I n anot her aspect of the invention, there is provided
a nethod of formng an electronic device conprising:
wonrowiodinng a single crystal substrate conpri sed#CofUS2003/041255
galliumnitride having a dislocation density |ess
than about 104 per cn2 and having substantially no
tilt boundari es, and mﬁt?tan oxygen i urlt Iev I
t

Inpanather 195 eonkany smbogdunant of the PLese m’f'?ﬂtlﬁfln@ t p@itipe device
(“g;ﬁ ??sgl}wr‘ég’lﬂgﬂ‘cq“ﬁé LE®VR rCOHlBI‘l%&FOis’EPH t/elifing ‘@Qﬁﬁ&hﬂu&&eactlve

device is one of a transistor, rectifier,
regtopr disposed oand sulasatedengpaised of G mlﬁgcmlelemm den31ty less

PCT/ WS2003/04 r e i menpt of
thth OB EHE AR5 HAH R Gh B0 S PP Ir B R Wi an oxygen
1rﬁepdr§?19vell%l&{z%19%ﬁ3 The LED is conprised of a |ight

|

ng sem conductor active region disposed on a
substrate conprised of GaN having a di sl ocation
Inde rﬁ@'ithey ehé)@dlmemh af thoprepant inveRtiomce methodgfor the preparation of a

li 51#6: nt I 91%18%1%1&% fgﬁéﬁgﬁ% I@?ouipr}ﬁnsefrﬁeqnﬁgstor ENIEE region on

a %ﬁb@ﬁké@&hpﬂﬁedt 6 GANeELtHe Abveaed bP Tow-Berhfdritact boffer! agers is
preparation of a light emtting device conprising

desey ing a group Il sem conductor active region on
a substrate conprised of GaN in the absence of

Idag%ﬁlgﬁﬂ%g :eﬁfbgﬁﬁnéﬁwoff?ﬁc% hﬂ&i’tqnize%tloﬂeé %B%Qﬁtaxllﬂ IY@E emitting

I nent e present | hvent
dibdeie pirévadedal Theghdmaerpithtinhdightdemdtng sliqeoisi dempriseeof a n-

hormepltax ljght -emfti di.ode is cq i sed of
clfctragien et posiny sbsiraes:ortionally af deass PeoRAHd AN 0 -pldaGar-N
clq ng ‘1?@1‘\' a‘ﬂrAf‘ Ilﬁk}al NN G@RlivdlahelNat haddieNHALAY ;.. A0 cladding

ctive Tayef, "at | east oné

lagen%r}p -GaNi cl@ddﬁi\g layadahchzgp eleatrede, (whepeuGﬁI‘s{ b, ad:dy ag 1, 0<utv,
r; and a p-el ectrode, wherein 0< .

wrx xfez < d+hereiputhe byndgap of theptiveilayer rﬁeleb%athen élsfbaaé geinaf the

yer is less than the band gap of the
Clgﬁ‘ga%\%?#ggr ayers. In an additional exenplary enbodi nent

of the present invention, a honoepitaxial |aser diode
In an additiohsleek eniplayrergh@iihetde, the presealisvwention,as élprrm)bpitaxial

| Ga Al bGa b | ad
g PR CPPRER] Gk -elROSE ATE DA 6 -GN or n-
AQa%b@}aP%bN LRY&he 1§yeﬁl o%ltlﬁﬁ@ aﬁleﬁsh' ohe 'ﬁlzgf H%}ﬁa]ahgaﬂ'iwal guiding

uant um wel I, opt’i onal
lalyblooeklAngn}QmefN o ,Atlglmﬁﬁug N mltipé@gquamnm well optlonally, a p-

N opt [ caI di n a
AR e oy SR BBt P GBI Gl P g
1aferN 0 TeRGIAe p-ARN, G:H)! r;,t,,ﬁ\c tclaldamgrlay@n @paomszl %CIS-TAQQﬁpGaI opN
whérein 0<_a, b, c, d, h,
cantagdayer, and a p- electrode whereln O <ab,c d, e, fJ g h i J» k Z m, n 0, p<l,
0 < a+b, ct+d, etf, g+h, i+j, k+l, m+n, otp < 1, wherein the band gap of the
multiple quantum well active layer is less than that of the optical guiding layers,
which are in turn less than that of the cladding layers, which are less than that of the
p-type blocking layer. Sidewalls and parallel facets are then provided in directions

perpendicular to the deposited layers.
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1; 0 _< a+b, c+d, e+f, g+h, i+, k+l, mn, o+p <_ 1,

wherein the band gap of the multiple quantum wel |
wacbtiqoe1d2ayer is | ess than. that of the opti cabPcguiseiosg412ss

| ayers, which are in turn less than that of the

cl addi ng | ayers, which are | ess than that of the

p-type bl ocking | aye Si de s and paral| el cets
Inaraé‘(’ﬁﬁén eamrv)wglme%a W@?‘Fs Preseph dRYREGRa R ?’Gmtoﬁ%“aml
pﬁ’c%@e%é&adls' Aeldd. Iy &Q@é&é&&l8?%5?&9?@2190@1&%1%@&@3 a
I'-n anot her ‘exenpl ary enbodi nent of resent
galhumntiirde sub\stﬂatfrﬁwmg aadas]alcanthtﬁnsldsetees:tlmn 1 D‘épqzrrom?l afddhaving

T det ent ntion inclydes
ng 1 PR Er deS Lot 9SS Esed o8 i hBRr B oing dpfyetive
cétﬁ§o’i stri@0rel&fix&efo t%@%cﬁ‘*s%jla?é&"éd&lg in §tﬁné blhbock}lﬁiéﬁﬁafﬁees%bshate
at |east one active |ayer osed he substr at e,

- Impne emboditchent o éhe mventzm, ﬂeet p Ddﬁtectatf haSXemettzd setmeconductor-

layer and. in sor enbod nts e
Bl YENEEG hlfre, o S 7 BRHURE Boe BietBbpbile on the
gdlBEmanifiRleaub SR, GARAHE ESducH®s @éntéd’l/@h%cﬂltép@ asﬁeftt'éﬁfe’dra?ray of
in which an insul at | ng active layer is deposited on

interdigitgigr |1 Schebtlen-tipe diec-sissfying) enetalhig copcis saanestgd/te the semi-
I ure is a patterned array of
mlg{r}]ltger%&é[ﬁ{ea e% Schottky-type (i.e., rectifying)
metallic contacts connected to the sem - insul ating
Aaother embagigtent Afi dld éiveatidio i ambtaﬂfetebfme hamngru iPOIFN | sSrudture.
ho odet ect or ving a P-i-N cture
TheBholad te&%ancr £ Eithet 2B daged 4 Wnaawéée a%hStraterﬁr an n-doped
I y
oGISIAF dopantd ph Sl ol ainB ol Loy B o pdoped ative
lalyalyei[n tham @nhoginttmp ettie onductive |cayiact sttumturhiwmprises at least one
nbodi ment he con tive contact. structur rj ses
o ieranE oopHe! GRS bt SHORE LR BT e Gy Hgnic” Sontact
che¥iRe8 tavdeisMBstiagy er and an ohm c contact connected to
the substrate. The photodetector of the present
i nvention al so enconpasses a third enbodi nent, which
The photodpisetok pf e prasentsinyentionr dlso iepcamppassesah third embodiment,
t t. | ju
oI 85 B REbinfEr SRie, B OB Sh 1ot blFe B! s Bposited

o ttheI ghlling fidndy isﬁiﬁ&at&l and €l&s toraluetivne Bedthdtystiuy@e comprises at
contact connected to the insulating active Iayer and

legst Qpgrchott ebﬁﬂos&pmeaﬁ?@e@%d toothe pesudatmeactiyelaypand an ohmic
c&ﬂgﬁggﬁﬂggd af,ihe present invention is to
hot ode

provi tector The phot odetector conpri ses:
agalllummtrlde substrate, the galliumnitride
Asufklitiguab aspect of the present invention is to provide a photodetector. The

photodetector comprises: a gallium nitride substrate, the gallium nitride substrate
comprising a single crystal gallium nitride wafer and having a dislocation density of
less than about 104em"2; at least one active layer disposed on the gallium nitri.de
substrate, the active layer comprising Ga;_,,Al,In,N, wherein 0 <x, y <1,and 0 <x
+ y < 1; and at least one conductive contact structure affixed to at least one of the

gallium nitride substrate and the active layer.
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conprising a single crystal galliumnitride wafer and
havi ng a dislocation density of [|ess than about 1
wO0200w08192at | east one active |ayer di sposed onPCIAIS2003/041255
galliumnitride substrate, the active |ayer
conprising Gal x_yAl InyN, wherein 0<_ x, y < 1, and
0<_.x. +y <1; and at |east .one conductive contact _.
Agy pdretional ‘%ﬁWF&é’g f?’ﬁ HVeRtions s fRe PEIVI{h & Tiihed o, making a
MebddrorS YRS ihdloReRBi: [ddRuRSioVE daBNEH - nitideRbstrate havi
pIRRAe s 00 iRy (ol SallER il aspect of © °
dishoeationvédamsity hess $hanol 0 pew cmd, tevingt substantidllynekilh Hoendaries, and

ot odet ect or, .t-he t odetiectar ¢ rising a,. ...
i< tnpiriy dewl Brlaie i g «6ioag oo gedye lsver disposed on
t}fé%aﬁhﬁﬁ/ nit€eSsubbfste, 1M P RastCdié col@ydtivg conh&iatiudd AffixBPto at

tilt boundaries, and 'with an oxygen inpurity |evel

lebsgs| gy of B1eDgal B, nitwide subgbtatepansl the tartinee lagigre r Thei metbed dowprises
th al.liumanitri subst r at nd, at .l.east. one .
teiat o 8 Vidhie & et Rds BB Aot SE R R0 fue aefive tover
oRfthd Baliga! ditride sabdtfats @nd WBStih @lacconBectivRecoanddting strayiafe to at
The net hod conprises the steps of: providing a
legst|dnie wirihei at dgageonasve layer anddpe sallipmnitiidesebsitataone
active layer on the galliumnitride substrate; and

| u I C . .

Tk b S RO, ot RS ARE IOk R ik B il become
agRkdnt dinmikierfolieving detailad descliptio thnaccotpetiyiag fewmtisgs, and the
advant ages, and salient features of the invention wll
ARSREFREClAIM par ent from the fol | owi ng det ai | ed '
description, the acconpanyi ng draw ngs, and the
BRIPE DS IEPIOR: OBRHEDRESERI G| ON OF THE DRAW NGS
Figure 1 is a schematic illustration of a HEMI device
according to a preferred enbodinent of the invention.
Figuggurleis2a jssherpatee Himstatian pof lauBEMIT i dsiicgf acgoudiangr toj @vprgéerred
eaﬁc(grdig%ftho.%no{.ger preferred enbodi nent of the
TROCATON. MEIMYIPeS is a schematic illustration of a

HEMI devi ce according to another preferred enbodi nent
Fitfurd Dés b sotemiatiorilludtiagom of 4 HEMA devheretardingl tb uabthat preferred
of a MESFET devi ce according to another preferred
cahpdEeHLk thefnveRdoR-nvent i on. Figure 5 .is a schematic
illustration of a MOSFET or M SFET devi ce according to
FRRPS BEY o RERIGHCSHuREROH LFR MEMIT deifeel A¥&AIHAD anbih8t pRferred

I's a schematic i1llustration of a HBT device

embodintnhgf the immrotitrer - pr ef er r ed

Figure 4 is a schematic illustration of a MESFET device according to another

preferred embodiment of the invention.

' Figure 5 is a schematic illustration of a MOSFET or MISFET device according to

another preferred embodiment of the invention.

Figure 6 is a schematic illustration of a HBT device according to another preferred

embodiment of the invention.

Figure 7 is a schematic illustration of a BJT device according to another preferred
embodiment of the invention.
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enbodi nent of the invention. Figure 7 is a schematic
illustration of a BJT device according to another
wonefs@meres enbodi nent of the invention. 18 WOPCT/US2003/041255
2004/ 061923 PCT/ US2003/ 041255 Figure 8 is a schematic
illustration of a Schottky rectifier device according
.to another preferred enbadinent of .the inventi.on.
Figyrg §rig agchemafio eﬁ&?ﬁpioggiﬁ%@ﬂf CHT Gvics a5cqrdipg to another
: CLh L : j ing to another preferred
méﬁ%%%%#gﬁ?ﬂg¥{?ﬁgé?ﬁ@gﬁ??oni Figure 10 is a schematic
illustration of a thyristor device according to
Figmrether a’ sphremiaticr illdsteatioodifne pri-rofectifier dewienefendingite@nether
'éé‘ié a s%henFt'% LLIUﬁtration of a UMOSFET/ UM SFET
preferpd embadigiey ﬁ@:?gnmﬁ Jther preferred enbodi nent of
the invention. Figure 12 is a schematic illustration
" Figlrea1 PVOSF et SRETsteOnCEf aath§abtdt ngvice aceomidieto another
preferred enbodi ment of the invention. Figure 13 is a
prefetredrambedipientiaf tha invsatigr. a power | nsul ated Gate
Bi pol ar Transi stor (power |GBT) device according to
' Fi%%%.theirs apgéﬁfeﬁcri{ice ﬂlu%ﬁti)t?&it E@th\%s@@ﬂﬁm@ﬁ QBvice g{;&i’ﬁiﬁg to
‘ i's ‘a schematic 1llustration of a power vertica
andfifer pridattedieenstadimehtnd theanvanionher preferred enbodi ment
of the invention. Figure 15 schematically illustrates -
.a possi bl e way . of inplenmenti . .
Figult gt UbERAT ook SYPREET DI SrE device according to
an:é‘»lfﬁlég &R é?ﬁb%dﬁlﬁeﬁt'b‘f%ih%htio'ﬁ! gure 16 is a schematic

tration o an i ntegrated approach to a cascode

~configuration where a |ow voltage GaN normal |l y-of f_FET
Figarei H égp ackemaic illvetraioneo! 8 mosicr dnwilaied Liaje Binaley Transistor

JFET. ording to .anather efer '

P el CRE g Bo B 28 Bl e BB E ekt
exanpl es of a HEMI array according to another

Figuef Bf [«d setdandicnitinitradfont dfea ipowenvértinal FRjudevid8acording to
detail ed schematic illustration of the structure of a

anpgher preferred apprpmenbatdhe MygHioteni t ti ng di ode devi ce
representative of the present invention. 19 WO

Fi%gf%"'/l96é&%§1aﬁ)g[fyuﬁﬁgg'§(eg4al%§sible way of implementing a cascode

configuration according to another preferred embodiment of the invention.

Figure 16 is a schematic illustration of .an integrated approach to a cascode
configuration where a low voltage GaN normally-off FET is integrated on the same
substrate as a vertical JFET according to another preferred embodiment of the

invention.

. Figure 17 is a schematic illustrating an examples of a HEMT array according to

another preferred embodiment of the invention.

Figure 18 is a detailed schematic illustration of the structure of a vertical

homoepitaxial light emitting diode device representative of the present invention.
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Figure 19 is a detailed schematic illustration of the

structure of a lateral honoepitaxial |ight emtting
wdizou®etesi ce representati ve of the present i nPemuSo3/041255

Figure 20 is a detailed schematic illustration of the

structure of a honoepitaxial |aser diode device

representative of the present inpvention. Figure 21 is .
Figute, o deiailed seheraier esition 86&’@%}}%}{% 7 lgfera] Bomoepitaxial
; VY=t i j al
h%%?%?gﬁﬁg to(%9%$e e?$§i gﬁ%%%%ﬁ%ﬁ?h§?9§%§%invention.
Fi'gure 22 is a schematic cross-sectional , . ‘
Figepr 2 sm datpibad whematyr Bhismatonvadsbe strugtens off arhonmedpitaxjakblaser

GgN.,si.ngl e cryst al cording to.a preferred enbodi nent
aigRe gROIEeRbT T oAFE Bieed dnieBidh Dot o of e
phot ol um nescence spectra of a GaN crystal ~according

Figare] Rrefchemst aoROHCHBM réfredeifition W€ A chsdile udetl Foif Making a
24 shows the dependence of |aser diode lifetine on

GgNgiinplerenyetal areptingto a prefpgied epoflignqnt gEthedmyangion.
depiction of a prior art photodetector. Figure 26 is a
j [.GL.i f - [ r
BRI SRALER S0l RAALEARROF b Ly BS80S for
maKing® @al$ singleadrystaldepordingan aphefarrphahbatiitnent afithe invention.
accordance w th anot her. enbodi nent of the instant

i nvepti.on. Figu 28 is a schematic depjction of a .
Pl OUEs BPGE PR eEh pr ok o Eapahpsrdrding o a
pRiertdaGnitdbaladit of MesRldidn, Figure 29 is a flow chart

depi cting nethod steps in accordance with one

enbodi ment of the instant invention. Figure 30 is a
Figyree2rastionvsithe denrenderice of basen diedelifstimeianrdigpcation density.

di sl ocations in bulk GaN grown on a c-oriented seed

- .0 ng. di sl e ' lis a
PSSl R IR BH TR plofbE oy 17 ¢

boundaries in bulk GaN grown on a c-oriented seed
Fguyes 8l isc andchematig depictiob cafndapliotsiet2r\WD 20404d406d ORiBh one

PCT/.US2003/ 041255, DETAI LED DESCRI PTI ON OF THE
CIRRERIPECN Hh I SHIE YRRy ent or s have found that GaN

nucl eates surprisingly readily in .supercritical
FRARO DT 8s aNSLheRBE depRAsE iftd pRdtodaadtSOlnY 8¥bRdans® wifkeknother

recrystal lization Pproduces many small crystals rather
emhadimsniod the gstant inveation.Whi | e smal | high quality GaN

crystals could be grown by the nethods known in the

Fpgrulré) beakty sc'illgmgﬁg 'he&%ﬁ!yﬁ tof ‘a photodetector in accordance with another

embodiment of the instant invention.

Figure 29 is a flow chart depicting method steps in accordance with one embodiment

of the instant invention.

Figure 30 is a schematic illustration of the evolution of dislocations in bulk GaN

grown on a c-oriented seed crystal containing dislocations.

Figure 31 is a schematic illustration of the evolution of tilt boundaries in bulk GaN

grown on a c-oriented seed crystal containing tilt boundaries.
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crystal larger than 2 mmwi th a di sl ocation density
bel ow 104 cm -2 has been grown by these nethods. The
wones@aio2s nvent ors have found that a nethod usPagUam03/041255
i nproved tenperature profile including appropriate
tenperature gradients, together with an inproved
d_for nmounti ]\? seed cr&st al. s, is capable of
P

DW@#EEP]%S@RE%T@O FiltiE INNENTHY i nvent ors have

further disclosed a honoepitaxial light emtting

Tﬁ@ g{%@&%n@rlﬂv&ltorgeﬁmd f&ﬁfd fiRf "Gas hﬁé!%at@@véuﬁﬁ*ls%?glf‘ grehdﬁ?y in

qgual | N crystals of the invention.
smhmﬂucaﬂearhmonilaeande)the:resugpsrcatlwPGzH‘ésekYelmtE[Boothat_tecg}rsmLhzatlon

GaN b t , d h [ t D .
iy ses dany, S g als qeigr 8% RpRaaer Piyatel WU alogh avality
‘ GhNErGQAP Q%lﬁ'&ggr()ﬁhl &\'}n@lﬁwsllébﬁthE t &Iaziﬁ Snooﬁl h RBality

active and di ng ayers ar e not id iC tO t ose
cryftal laeges mtzr mn"ewatsamslo@@oa ldglesﬂm’wlqvaﬂ @ | g b@ﬁwb@earar@vvn by

of th and cla al.ly cl.ose
i EoB s mhEn PR RO She YD ] § B Bipd of igpfovea
tel“ﬂﬂeraﬁ‘lh&r}bxﬁﬁ)e ifeludRiy appidbliate. tefpBriiiae pgrhcﬁ&h@ tdgafder with an
based el ectronic device structure is forned

1r@]?j'pyg$(|rmth<g} dex mowtting prgdberysiels, Gancapalale dof o>\/fercom1ng these
lil%? onductor | ayers on a single crystal GaN :
s{Tate. Thus in this appl i cation, a honoepitaxi al
GaN based el ectronic device is an electronic device (
The tifivensor&hbves dinshier adisclesed @athomeasitaxddd dlgEaI‘dnb'aBgddewce and a
sem con uct or Ia er. forne aon, t he, su rate at )
methedtiop hdetcsuing Biedugh gpality e*aﬁﬁls. o Trygption.

In—m‘@ érﬁ‘lwdlmentpﬁg dev1c¥"f§eéf @hﬂ Hsed KEDYor 1) gi¥wh onta GANSsubtrate.

+ w I n another enbodi nent, the at
Als euaert harie, GeNLER e d&éemmsmﬂmoﬂfmed @ycerhonmeprtms&lseven though

the +%9ng%g%on )fﬁ}llaﬁaw ?%‘ﬁ la?tbcet c‘r%lst&tﬁl of 6}2%%:81)(@ 'an&' claggmgqayers are

nSEELARAIMGh e th\QibbRATR ERAN R ealusEaN 1RESE BorktRes SR Betive
devi ce may have other epitaxial |ayers which are not

aighMaddisg diayemh tmw%h' cAasq todbhese of rGaé“ﬁ apd shierindgalying chemistry

1. Glliumnitride - based
(%P%%{ 31r'in§e Y/?r&ggn §uch as a transistor, rectifier,
or thyristor, are grown honoepitaxially d| rectly on a

Ahh@hoepitakial GaNiHagddeelecRﬂonMe'&)ﬁk&%ﬁﬁﬂ.@e?ﬁ formed by epitaxial growth
PCT/ U82003/ 041255  crystal galJliumnitride substrate

ohAdEben et Sigbs basst P T B A T ﬁﬁNawhstrate
%&%ﬁ%@ﬁ@%ﬁﬁt é H@m%p[sfé?iaﬁ] Eﬁﬂtﬁagé}flélg&twé Hé\h@esls an electronic

strat reparation Process. According t
de\nb@dfnthmnd}a;N aiibdtiace mdeaideﬁst (91 éitaN mned seamibompuctpn édtyer yormed
ogl g: glb% g teﬁlsl'h? O%/ aleast r&iea?\]l ased ggnqlcgn(?u\@orf f ayer compnses
Gaj5ALIn N, ,P,As,, wherein 0<x, y,z, w<1,0<x+y<1l,and 0<z+w<1.
In another émbodiment, the at least one' GaN based semiconductor layer comprisés

Alyln,Gag _x_J‘,N, where 0<x<1,0<y<1,and 0 <xty < 1. In addition to the GaN
based semiconductors, the homoepitaxial GaN based electronic device may have

other epitaxial layers which are not GaN based, such as an AIN layer or an Al,Iny_,N

layer, where 0 < x < 1. Gallium nitride - based electronic devices, such as a transistor,

rectifier, or thyristor, are grown homoepitaxially directly on a high-quality single
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size of at least 2 mMmin diameter. The single crystal

may be n-type, electrically conductive, optically
wonrengmpeanent, free of lateral strain and tilt PCT/US2003/041255

boundaries, and with a dislocation density |ess than

about 104 cm 2. In one enbodi nent, the dislocation

den s.less than about_ 10 her,
Cré(%ﬁ%qlﬁﬁ%tmm@ﬁ éubﬁtr§1eozav§?ﬁe&he a*fbﬁ a5 § Toy dilogaign density and
aw%@eancl&q)atfbﬁrao%unle@%&faﬁam@eiﬁhe@ent the single crystal

'S type; in another, 1t Is sen1-|nsulat|ng I n

anot her enbodi nent, the single crystal is magnetic. In
SJM&RL@MMM | uheavediog ti embodioents exfitlopresamt invention ‘

h cryst al conta en |n formthat. resul

o byt gl s € DAL By B Sl er R har i pinefi Bl to o
s@@wabaéa@@z AR it Hiah&é?' cmemﬁw &%tsr Pa&, ahasd e@ec%any '

cm 1. In another enbodi ment e substra cont ai ns
copdaetives OPh@ahlyetwaparmtoﬂe@ pfiatéralostrafreand filt doundreies, and with a

bo 0.04 and 1 fluorine,. .In..
o REATRTERtrerFs"BAR PYYY Bl At B P e i btion
danRRy of leki thBe abdut 1@3 cﬁﬁ Iﬁ;lanolﬁér, endodirhent, Yhe di¥locdvdn delsity is
Co, Ni , Zn,, Ge, Zr , Or a rare earth metal at

legs @@ﬁ@b@ﬁtﬂé}@.cah b@t%eqm@d@mntam singin gysiakis abone; in@pather,
it Qﬂé‘l{u-l}lmﬁtln% afngﬁqol?ﬁegr}:n?n%ﬁ rhérX t?x"éll r{gm%‘sttaf {s%a&ieﬂgl ®In yet

aﬂ&lﬁryﬁtlallhmirﬁ:‘scbeml Ziﬁ olnb gimm)ﬂﬁﬁﬁﬂl,r Eheadisistﬁll @htains hydrogen in a
tenperature in a supercritical fluid solvent. The -

foa:lmytiaataﬂeSIdfs inhael ipfrerd rebsomptiem peaknnéas 347§ cme! switly ke absorbance
crystal , It has substantjally no tilt

p@d@ﬁdbwk@f&ss gedates thanchout@ 0] e ian@l aogheaiembodiment, the substrate

(8‘1 zﬂﬂéj g?éa?é)thaljfl%f)gutt %a?\/ﬂpﬁ fpﬁ)}}igé tapt rf%lt}lléf rlﬁbatcflm%nt between

undaries" neans e Ccr yst a

alvauoddrands Bim fisiutihe. th éﬁa:sab@ddaﬂémta{heloeysw i©topddtith at least
such a small tilt angle such that the tilt boundaries

onget fhade: e UM B o@yl,e}ﬁzﬁryMn@ BP @ HnCYR Gandtlt, or a

such as i fract r212
rapq gt R PHEA RO SPT <D ot idr 7B s apoudo” . This
1aygeolﬁ gly qSaR gmﬁﬂl nlfﬁ&@l@@c@w llﬁﬁy be 8rdvn b}bbéngfera{tﬁ@%ﬁ‘adlent
‘I'n one enbodi nment | east 2 mMm
regmtaﬂgatlgmﬁughgmssurgyn@hl équera:urﬁmn al supenggdtical fluid solvent.
enbodi mrent of one process for formng the GaN

| TﬁéJ Pl%/gtraﬁ)fe ﬁj?‘% 189%1§1§m 158% sisn%f &g&gl gle n% h%ﬁ %géjstan%ally no

um ni ent’,
tllenb@.didﬁﬁéﬁ ,(aBd keasi w&oxﬁaﬁig&e%ﬁalﬁrb@hﬂbnesfhe Herd/ Chaving
alliumnitride may be 22 WD 2004/061923

wmwmm@m o‘ﬁfB"i‘Tﬁé]élatM)t thegrystelasey bave tit bqundaries at
; ﬁédb%ﬁﬁtlﬁggve? ok szﬁ]lt suER as all 16t gfé ylfec‘rfl tl&gaigﬁe tilt boundaries

iumnitride, solvent m ner
- maptnobbaldetgcthll e fryoariatigital iedlnmqwhsaldnloy&rntm thé bﬂ sudpsy TEMasr X-

se at.e an StInC un-=c e t I'I
T (ﬁ&{ﬂc on,v%%ﬁllqecgrﬂsta may 1nc?u e trit goun areles t at are w1dely separated
fmm one another, e.g., by at least 1 mm. In one embodiment, by at least 2 mm, and in

another embodiment, by at least 5 mm.

In one embodiment of one process for forming the GaN substrate, the process
comprises providing a source gallium- nitride, Solvent, mineralizer, and, in one
embodiment, at least one GaN seed crystal. The source gallium nitride may then be
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conprise galliumnitride and at | east one of the
sol vent and m neralizer, can be optionally conpacted
wonom@/oaigsl | . However the conmpacting of the m RCUMUS2003/041255
need not be conducted in the galliumnitride growth
process. Super critical fluid: Exanples of solvents or
suoercrl fIU|d|ncIude but n imte to .
it g{l 3?%%& PRe Of R RyeEA4GE an ﬁﬂ{x %ﬁq@dﬁ%% fgixture. The
aggdl Ridige, Qﬂvé?ltt h&la Imﬁem&anma%?» lah-m}nge ia{d:bh&bd 1§9Mcﬁﬁlly to
teria e source gallium ni onprise at
the eapstul&)amsepafatqaw ﬂly'emcct mylsioaiulmeziema@ahllm ljl?hermlxmrd,eWhlch can

|| t ] ni t , h
B IR RS A ot L ST B S o
offtRYRRIY @éﬂlﬁa{b‘ied A8 £pilt. HWevePHe e8nipabtid 5’6&‘ th8 ik fuiendBhot be

be provided "as-is" inits raw form ternatively,
- cankdactedin be ggliuni nitridergrowthdgroesss be conpacted into a
"pil1" and/or sintered into a pol ycrystal line conpact.

Alterna'v.[ th ur |

Superciica { ﬂu@ %PU a.mé S|0I(%u l%gnt? sﬁrplé?arg el %1?’ g g cﬁﬂ%@@ut not Hmlted
tol fieMohi@Ak¥draxhd, indth@ aRiaep Bﬂh@leﬁedll‘dmnie afdl@mineeal athe rdfrogen-

t he .capsul e and treatnment at high pressure and hi gh

cqnéaml@g -e to formsource galliumnitride. Exanples

of source material nay conprise si ngI e crystal or
S8 e |8 Ake & least one of poorly-
SO MIAELE, | TSR g, BT Paf C¥pALe B least o of poorly
c@BtamZedbygaﬁmm mtmiee wedtE-crystitiaed deHomm mmdeh anmthous galhum

er forns_of urce terl al al s
P CfYéWHFE SRS, d@amgﬁﬁae%ﬁ 81i£°£u e %lf%saga“mm

m‘ﬁ%@lna? Mbelpiided CHRAMNG - itsl AvORRNE ROEiXEOEly, HREsoRF! Eflium
: N cofhpri'se one or nore particles that are
nmudef ¢ani tentdmypactedgatol a“il12 en@/or sigtenest info a palystystallingg¢pmpact.
af f
Al RETE Y Rl B s o8 B inB i 2 S el el gy be
ploVidel ORBcR dhenf refdt (Wit (B¢ ¥ahdhiallobwhhaft@Gedling ohRs apdule and
nucl eation center is |ocated, of a .chanber or

treatment a highspressuee anddugh empsrasurgde Srm gomrcegallime niEds. on
for GaN growt h may be | ndu‘ced on the crystal growth ‘
. i t
ERRADIEEBE Huro fiao AN Snfhicd SHHEC BRHAONE KB lalithe BRNL The
singlel crysal ov pdiyaystolﬂm@zﬂdl\‘s dmcthe rsysicalmateddl msy bagpdin by any

for ex le. It is._preferred 3 WD .2004/ 06192
yehgr RoBOB % DR Thdelr a0 GENOSEE LRy plso be
a0 ¥b988m ﬁf&gg&g@d@e@m %%S@aNsp@aﬁw sucR a@qr;la sﬂaluﬂ or a Ga

and the.q the grown crystal is higher. In one
cmpmmdnelntqnetekréaodewt,cﬁly sowce GaN eomg@isetdngror armphriicles that

arccjsI S‘&E&%{m}?‘ rfarge in s12qe so as not to pass through the openings in a baffle,

described below, that separates the source region, where the source material is
. located, from the crystal growth region, where a nucleation center is located, of a

chamber or capsule, as discussed in more detail below.

- Nucleation for GaN growth may be induced on the cfystal growth portion of the
capsule at a nucleation center without a seed crystal, such as a portion of the container

wall, or with a non-GaN seed crystal such as sapphire, for example. It is preferred,
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quality, being substantially free of tilt boundaries

and having a dislocation density |less than about
weQsmrme®231 n a second enbodi ment, the seed crystcalushms/o41255

a dislocation density |less than about 105cnR2. A

variety of types of GaN seed crystals may be

rovided, including an epitaxial GaN | ayer on a |
h %ﬁ‘feéatﬁiats%% rseed c%@@ﬂll oglgﬁ(tl,ﬁnep@sea e %/;I'oe?ssgs easier to control
atd BRoShRAYYrRg SBNnfd<MI X PvheLY HYPE, sublination, or

nmet alq%o?tgani o gghgrﬁr:{ga va o?r deposition (MOCVD), or a

crystal grown in a supercritical fluid in - a

Iippey icoredimeant, tha sged ceystal hie targerbibain femim in eanGadt swkedf high
crystals have a.dislo ion .density bel ow.104cm 2 and -
A o I Py o 0l SR o harined BiffiPh AR tess
thal £Badt 16%cust al g bhabordl Bhbadilént)ae sdedbSAQE Ahé @Mdislocation

density bel ow aboyt 104cm 2 and are substantially

density lefs than rbpeiuHiami esA Yariefys ok ipes of HaaN se¢chgrysialy may be

crystal s_contain or. nore tilt-boundaries is a..
R SRbar iRl Sy P18 R Pk (R0 GO0 SREAPLAER b Safbnire
otMiSidY 4 iffel-sRmdbaGaNStilnt QfoveX HFPHYPE, Gablimatysi, dr SnéhO¥#anic
by HYPE with a disl|location density in the range of =
cheggicalggpenderosiipn M QN Py erystal gavncinygs supiercritical fluid in‘a

| c ' I Sq: .
O
demsity datows 1 0fcar? endosrp| ibstaatidisefrde ofmilt boanduties,aeadting in GaN
til oundaries .in the thick filmbecones increasingly
crg(aﬁ&ffr gﬁf sipay, daNF o GiloGaH0R igogity BRtovhabeut 10°cm-" "and are
1% - GaN crystals with a
Slgdiégalagglz* ?g%b‘%tfélgg?%daﬁe ‘ow about 104cm 2 that are
substantially free fromtilt boundaries may be grown
Itf is dmovmethat nying dFaN weedhcrystdlss¢omtait iomn atemeiet §lt doundaries is a

105 -10 8 cm 2 .an tilt boundaries.. T resent ‘
PRV EY FERRAS et e Moal " P RoROGieSs Fpy example
GaNngyahls 25w BHCBVIRE lifhONdisloBARAr @bt @in MBFange of 10°-10° cm™

tenperature gradient, growh on the seed w I% occur )
may brotemplonedcayiispest crsrly t halowever, bemepdany PoBNLys mosaic

t - axi r i tg th
BP0 08 & B RladBF o PRLARb ARl ol Wi or enammpte
alsbvieelc rin@ b ,presenct dhak bobieddlies lin elad ihiek HBAPetdméstinbteakingly

GaN %r own. in the c-direction is reduced ‘
ARFAL i cant | y. 24 WD 2004/ 061923 PCT/ US2003/ 041255

The seed may have any crystall ographic orientation, as

Pk SBRIC Winfbh, alvk Wo%ﬁ@g Rdhé &S Gaﬁ& tals with a

crystals are typically te predom nant y
dislieatlon denspddlpy apodt {0 crGahat fapcsibstantally fadd frethédteboundaries

m%gl 'be rétrgvgrll o See chlesU[aiis‘avt\)/{ﬂ%a afd?slioc%’ggrg dg’rysgt];i%? ggdut 10° -10% cm™ and

‘tilt boundaries.  The present inventors found that by optimizing the solvent fill,
mineralizer concentration, temperature, and temperature gradient, growth on the seed
will occur in both the ¢ direction (that is, (0001) and (0001), along the c-axis) and
perpendicular to the ¢ direction (for example, in the (1 100) and (1120) directions),
and that the dislocation density in bulk GaN grown in the c-direction is reduced

significantly.
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In one invention, the (112 0) surfaces are used for
favorabl e seed surface orientations. |n one
wenbadcrest , . grow h of a 300-800 mthick | ayerpCcasy®3as12ss
c-oriented seed crystal containing approximtely 107
di slocations CM -2 results in a GaN crystal wth
apprOX|nater 1-3x 106 dlslocatlons cn? in the regj
Theerrd maehaey aystallngrph i%onquélonses iRt Regugs gn all ‘exposed
GIRNGHRLES dblat &dlne %ég% LYok @0 pRlo ﬁgeﬁég (0001),

ocations In on a c- rlente
(0D0MS! add clond®)i faterg atnhraelatﬂlbmoﬁérﬁétmatawg\ﬁtablemmwf surfaces.
the "bul k GaN grown laterally with respect to a
Incemmrinestiod, the€tl 20)ysifateshas usdddmefavotable sted surface orientations.
dislocations cm 2. In one enbodi rrent the bul k GaN

f than 1 | nd in
Iwre{%w@?%&e%ﬁ%amt@ﬁ@ 000 B Bt b o drorisited soed
1 c@ftaibd tg“aﬁa%:f@&ﬁ@te!}nlﬂ &SlOéQlonIICHZ %Hl‘?sdﬁlr é @1%11\1 B3ktal with

re presen a c- orient ed seed crystal wl
app‘rop&gt&ﬂp 1eix1i0f ghsgascamim tmtinghe rcglomabomtherseedglatm shgwn in

i,n structure in bul r own e.seed
F’cgh ay> ngc it Is‘glﬂnt%lctl trafipn o g“es"é@gltloéso a]i’qeﬁ‘ﬁgg H%ﬂ%’&tlons m
h t i E 1
bR LR bl Rt scatObis Bl SoftaRifiehding diiocations
HowlekerGen lgﬂb\ﬁal\bgroavmlatnralbnww reped toraysbeknted neai eriysigl has

tilt bo Hoyever , t boundaries w]l
fomec) .ﬂsanelogaf%taownbm in ea?\r«m edfimegt, é}wﬁk G\ g hys fewer
i8S ¥hY 1dido a'ﬁog§ QLESShY &hY Etaraﬁgﬂleld%ﬁ%dagnéﬂiatfe@&e than 100
ree of ti oundarl es as” the crysta econes
dishucgmns @s’,i 4d disstrated ih Fig. B0g. T bouHderigotiat prenpreent le a c-
t.il.t boundar,i es be .det erm ned b
OFiEF Rt il atospgate HERE 8oty th Rare firtippofpsullite in a
gt @YuchRP AYHARYaN Sfovdi ABIWVE tIRRekd flat isesflﬂnﬁglt ﬂoocﬁat ik sedd, as
new seed crystal may be cut fromthe |laterally-grown
illmatiteh achamatieally eFig. 8, whighds anclieaatip iHustration of ihet evolution

ri.es grovvnfromthl eed. crystal
of " @E3 s, b PR SeSME 4 2 hrpteed S L b Rpfing i
bbuddariBO UAEREVE@ Stilt Woladiesl ixsll paRdte OOt $1b bmk Gat avit 10down
cm2, in one enbodi nent; .|l ess than 103 cnr2 and even

Iagespléyy repitingiins Progeassivply laigep domaips et aesriaiofit Roundaries as
conpri se at |east one
tﬂ\él&gt@ F‘gﬁfs ﬂ%%&%ll @F{ﬁgqégﬁ%l' nitrides, such as
Li 3N, . Mg3N2, and Ca3N2; (ii) am des, such as Li NH2,
Thla blbﬂtlomnﬂthe 2t h@namm@lm@etammmﬁ) Bleflbli2hat is Imll-llz:nown
i) aandr#ated conpounds; éﬂ&ﬁg n|u I t.s,
1nsﬁlgﬁrta§u 134 -1y g1 ﬁm X-Ig jop[o%h tanp é}pp re ection, and
Sdélwf 'sg&i’ c&%ta[‘ i d2he o%@lﬁto?m tﬁé“meﬁﬁy- (93‘13 Gah'@%at s &T‘ﬁrely or
NO3; “(vi) azide salts, such N3; (vii) other
smbstag]ah]ﬂjs fre@ ot tllt)bouodm*lqaatBuﬂn Sabdff grpma from this new seed crystal are

surprisingly found to be substantially free of tilt boundaries, with a dislocation density

2

~ below 10* cm?, 2

in one embodiment, less than 10° cm? and even below 100

dislocations cm~? in other embodiments.

Mineralizer. The mineralizer may comprise at least one of (i) alkali and alkaline-earth

nitrides, such as LigN, MgzN», and Ca3Ny; (ii) amides, such as LiNH», NaNH», and
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above; and (ix) conpounds formed by chem cal reaction

of at | east one of the above wth Ga and/or GaN. The
wonomroaig2zers may be provided as solids or as addiuszones41255

di ssolved in fluids, such as solvents. The use of

al kaline-earth or rare-earth mneralizers have the

addi ti gnal advantage of acting_as a getter for
Khiant(fipiwes a%ﬁ(&ﬁéaéﬁ? FRMPOHDdg:y (iR ROFRRAHR salts) gy §H4F and

i 06 Sotih, Sl SARSE, S SR ok oL B, o
I%Ig{)gg&du%]&ér %ﬂo S é%tchlag 94N 38 E]\e/ii O(f)tlélerl Lmallltg} (:Vz Sc::oﬂmrr?iinations of the

idium cesl magnesi um
O ' BfméH @Al 3act{Bht
BELEAL D SR S PCE A D TR BN, B, of e gove
withr @a ahd/or GaNer al i zer. Low Oxygen I npurity Level. In
- one enbodi nent of the invention, inpurities in the

.ystal s b t limted t i at el
THsTPREGLYES By Lo viie] Forotifs O i BRSHRR My such as
sbRMLITRL Bhd AkS of FOMIGE BB lok UReDdatthi Mherd1Z8R" BdvieZ@E  additional

and solvent). In a second enbodiment, the oxygen .
aduardeget phtacing jap & Igetteyr Brnadyeyisiciissoxygenvin1(heogrowth nedium,

hs..achi eyed by.hagl di.ng t ot 0 en_content. ip the

DR E RV PR S BBy T A I e B

expressed with respect to the weight of the final

Mrteysdtplely, tHombiedlizer caardeodiiedin sigh AnNRustiony of évehm, sodium,

bel ow 3 x 1018 cm -3 is obtai ned by hoLdin% the total

POiasEEm, ERRdIER, coRpByWIABNCAEH GlciR.estioatiam, Daripy.cr a rare-earth
t FHIRNT 1. V, .

oHER 5L FREDRRAEEN hidh, e Bace el i Uil SofTRKy B form the

- miaeralin@at eri al s and capsul e below 1.5 parts per

mllion. Optional Dopant Source. In one enbodi nent, a

dopant source..is added to the proce .in order to. .
rsiE Pt Lol et cfodBh o R e nvRafre metrigs n the
ok REFERN G kEptYIBhats to Iﬁ?ylggﬁa&lyom 'léi‘zlé}éfllb}lf lc8Strolling the

such as oxygen or ‘carbon w herwi se normally
imprder levélan dhe evamgtenialsy(paurcgplinmsnitrigeh magerdjzesi andsplvent).

IR stk Do e ot el efmeeriifian e By Coals Dol 1019
HPP Q@B&ie\%ﬁg tb!fﬂo%ﬁﬂéfh@@&t%?g?x}?g@g lebReROR/ tﬂé‘%&g&eﬁﬁ% aﬂﬁ capsule

added as s, salts, or ‘inorgani c conpoun suc
babveils pSitS dr, mBlid, AxpBefal, withiiiNget thhe weiliht oZ theFnal @rystal.
Zn3N2. &GN crystals with total in}jz)urilgy 3. . .
Ip onetber embodiment, ap émpyyitydeval beprs31fl6cwm & ehteined by holding

I, = Lating. i cal | h , th I
T AT THBLSR o PBUENGH, R SPRBEE R, «
1804 oF B€1 (5:1 f ¥ﬁ1t3axjn§y B gc}HéJe\llpoey holding the total oxygen content in the raw

materials and capsule below 1.5 parts per million.

Optional Dopant Source. In one embodiment, a dopant source is added to the process,

in order to provide n-type, semi-insulating, p-type, magnetic, or luminescent GaN
crystals. Adventitious impurities such as oxygen or carbon will otherwise normally
render the crystals n-type. Dopants such as O, Si, or Ge (n-type) and Be, Mg or Zn
(p-type) may be added as impurities in the source GaN. Alternatively, the dopants

26



Sem -insulating GaN crystals may be obtai ned by doping
with at |east one of Sc, Ti, V, C, WM, Fe, Co, N,

wo004m61928. Synt hesi s of sem -insul ati ng GaN ( 8E€T/USR®B/041255
quality than the present invention) .by Fe doping is
known in the prior art. However, the present

i nventors have surprisingly found t hat dopi n% by Co
n@advgéédqcm regips gielirprigorERe compedsyachas Rbegi ;% PEl,, BeF,

SR AR R .
Ww%gﬁf TP el e nee SRR ekl 58 Henttin
iy e 0 B e

inmpurities in.the source GaN or as netal s, sal ts, or
Semeirgahting Capaystdls, maubh obtsinef dy dopingCafl at wast@nid, ofdic, Ti,

.. elLther_al gne I & nbi tion'.h r..nore .
V2 i Vinohs e r 2ac ot acemppstighing GAR B g ity
1R &hE FRQEh I BREntidnl) %ydp@ﬁ%lﬁg 1@'1@0@5@?1&1% phBr art. However, the
concentrations raging fromabout 1015 cm 3 to about

preeat ifNinte@s havetshieprissngly ﬁmn@éimt dwhmgémﬁq:@ug%ﬂ the GralN grown by

i g e ehaeo TR ve SRR OEG: Bbroa Tl Fhafihifey b obteined

bpepRBhiEh b&Rin trahsiliGRbletaD @@c@d\me eBingsded! GaNadfstals may
then placed inside a capsule, Optionally, additional

beriohtsined; byedoping withsestipia Eagipn argatenearibapetalsesuctrigs Ti, V, Cr,

1\%? @%i 435 Nm,ﬁﬁf Wr lﬁ l%‘? cgelsrﬁr 'I‘B? %aﬁ]s?ﬂc?ﬂ Hl%Fatl gé}{)atn‘fflgﬁ Bg Bdded

ed”’ W a n| rogen contal nt ng

a®kapiitesah theeabtceoBEN O a8 AmaRdls,asalls, chyid@@ame €ompbuds, such as
o ganl c_ solvent, includi ng but not Iim.ted to,

febhy Calene, CRY ahEHEs. @H eéta}%p dngiomgipgiion with one or more

t | ed
oHE R ot P G S1E it Gr O Fon % Ao R0 et fipiopants
atdprebiSit %@chﬁdémrwﬂslﬁgnngmtalb@& '0esSsto adut 163 dl€in the
capsul e Wthout admtfing air or water, the capsule is

séurk¢ €dNand connected to a negative pressure source,
such as a vacuum mani fol d, and evacuated. The capsule

i 0 . .
148 R 0N S, B GTLBA SRS MR i o
c&ﬁﬁé&@@ﬂﬁdt%ﬁ@ﬁ&ed @ndy intdlemmbodittent agtdeasp bﬁs GaNOAGE& Rtystal,
can be adnmitted to the manifol d.  The vapor -
g Alaceddside grfarmEe s OpHonally, @%@%aémupf‘aﬁh@k S'ﬁ‘%f‘léo b pdded

t(%ﬂl %Stu gen-containing solvent conprises ammnl a,
ensation can be performed at dry ice 'or

liquid- nitrogen tenperatures. The capsul e can then be

Ths ehpsuée) vAoclawil] de slesdribieth dheranpdiet,ecabythen be filled with a nitrogen-

. containing solvent, for example at least one of ammonia or hydrazine, or an organic
solvent, including but not limited to, methylamine, melamine, or ethylene diamine,
and mixtures thereof. The capsule is filled and sealed without admitting air or water,’

" which are undesirable in the gallium nitride formation process.

To fill the capsule without admitting air or water, the capsule is filled and connected
to a negative pressure source, such as a vacuum manifold, and evacuated. The

capsule is then chilled to a temperature below room temperature (preferably about -72
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closing a valve to the negative pressure source. The

capsul e can then be separated from at |east one of
woheosvani2Bol d or the val ve by a pinching-off sPep/uss008041255

a cold welding apparatus, which is well known in the

art. The pinching-off step i's particularly effective

Gty bBS SR dnurhaye e A %siragﬁﬁﬁ?ddfoﬁﬁgmér{@ﬁ ¢ Rbe vapor-
pl%gf ?d’ll/&lt 'tﬁerﬁtgﬁg%es b th'escag &) F‘&nsé}& 1f'th% n‘?tﬁ(?g%ﬁl'goﬁtalmng

and su cted to hi pressur
solemp evrapuses ammmiua i thesomdensatioappnder peafoembd ghdnynes stitiquid-

niflb e RPEHEY G CAPT RGN TR bedaalsiod it b 3 Wl tnegapsule by
clEHiRS ¢ Q'\/‘*éﬁ/eatostﬂ@ %Eéeﬂfv'e Rre RO ROt THD @ap%ﬁlér&ﬁ #8d bé Y& arated

nitride and re- precipitate it onto at |east one
‘ ﬁ@ala’ul@m e of diee oragoldl or thalvalenby latplndnngaofﬂ s&ec;p using a cold

lium nitri cry seed.. | od|
wiine) Wil SR hetsr el T dn e GRF andBe MRSty S ep s
pdrfidilarBp @ftbctive #D@aE daﬁs@@@#tco%%rkb@ﬁe 11|1t€%1€‘t'90éﬂ1ﬁfe seal may be
enbodi ment, the tenperature for the gallium nitrid
enbpReed bty aptienaltirgmelséss is in a range between about 550
C and about 3000 C. The HPHT systen1|s then al | owed

Aft@rF;ﬁQ géepsgtféﬁ(s) trsgage(i,] Irlrthg tl%rﬂeﬁﬁj%gd X! ér%g ?eql ﬁg@%&m{) tfo high
prem;aree abéd chigie nempedatuird econtitions iiANan tabpro@ﬂufec ai gﬁapfe\ésuﬁlé high
one’ ﬁr nore seeds, 1f used, are placed in

n .
teppgraie $HPBIY system. B HPEL peftditiapscarg mpriptaingdl éoraﬁ length of .
(e Sehiol D1 EBLTIPE o RbRARE plic, oAl QgD Bl il and re
- prBeipitate dtanbmatNeast oSEAGRMGTT #itid @hyxlal, gafifiurh mitidé bingh, or gallium

tlur e, H gh Pressure Capsule for Processing
m%{ép Sgar 4y supercritical Fluids,” hereby
|ncorporated by reference inits entirety. Figure 21

Inidnk ésibodingsnt 8NHRXEVEAIBH HE PREMIE isliBG hhad fr&ﬁrgr@ﬁerttﬁﬁﬂabout
in the process of the invention. The capsule 1

5 khen tpdakous 8fakhar bp anethercembedimigat, gbgrt@mpqrqurdbn dgablium

PG R B b B3 e B G330 e s 3890 .
Tl%@fPH’@?sg&%Qémﬁlloﬁ@& f6bol 88l B hlgﬁp&m% 1§tr&ﬁav@l' a

porous baffle 110. During crystallization growth the
capsule 100 contalns a seed crystal 120 or other

s.l'!a' g L.!. 3 OB 1 OHA L":.,. Qualit

ragker Crystal 24n erambp@iment
oS A S e s DSBS b

presamndesselgirocupdle thadistdieided risto at least two regions by means of a
porous baffle. An exemplary capsﬁle is described in U.S. Patent Publication No.

US2003/0141301A1, entitled “High Temperature 'High Pressure Capsule for
| Processing Materials in Supercritical Fluids,” hereby incorporated by reference in its

entirety.

Figure 21 illustrates an exemplary capsule 100 that can be used in the process of the
invention. The capsule 100 includes a wall 102, which can be sealed to surround a

chamber 104 of the capsule 100. The chamber is divided into a first region 108 and a
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regi on 108, respectively, for exanple. The capsule 100

al so contains a solvent nmaterial '130. During the
wgnromidaigasocess, described bel ow, a grown cryspair/uk3®3/041255

is grown on the seed crystal 120 and the solvent is

in a supercritical state. The baffle 110 may

sehGRDLE 196 SRty aortiis btne 40 Dife FasalizBion erowet
the Q%S‘su@é €00 0bnthin® abREd IcBystal O 208 JIBerbRICWRESN Jseﬁf@laﬁlﬂi a source

and preferably between about 5% and about 40
miﬂieaﬁlsb%r sepefatafufrpinegach fotlmbrytibe befiler L. nBhe souate mtlenab 124
2 LS

o B REEE e n0 RO Epg BT FLR' Fruniteich RS bl B8 oot

repioht 108) @ﬁpebﬁ@el?,aﬂﬁué)@rr&ﬂ)@ I"Bhebipiétlet DGO aWB' dBitains a solvent
portl on, so that self-convection stirs the fluid. In

magrgl 5l v Divriagithe e5urthinrpeasy deseritgdnbaloer @asesn wystel 132 is
gréﬁrg&%g §E§d F%g%l 8o 5{2(?1 %hebér%ﬁ ent hsemsé) H&pe?crﬂ%glegta%l 4bafﬂe

‘ om war mer on of .
11Gamay Ioem@ﬁde toe esaiﬁplleca )p$dta |w1ﬂ;129 phﬁalﬁtbl&)ﬂmmas 1@101|t d@f a woven

portion of the capsule. e enbodi e
met.ai ot T_Lf?o’ftrfrcéwﬁelr@ewre& %ﬂaf‘eba(fﬂsd)lo mw&ﬁdq@t\ﬁem&% and 50%,
alﬂrf)ﬂefeﬁ'gol% Weﬁf%g 436t $9£9nd 59?}@340@0 ai*rhr%ﬁoﬁréfsﬁlﬁhent from the

growt irections wt
sourteenéteridini torthenseal ¢ry&4821 24r orogoem arpdtalr 132 15 .opfifitized in the

| b d I di d e
solin P sgppetral ubi tegeldF Pofish ehcdsmest kGl soarpve the
whtn¥s petiohZ6b ﬂﬁV séf- &&ﬁ/@&fdnvﬁlré’ th@?luliw Nt 19¥n}1 é’dl%gltsathw'sﬁﬁblhty

around one end of the seed. In the case of
of@Nr arereaseshwite yamperathee, sad indghisi daye i s@are atm(tarfailé% should be

rature. In.this,case, . th eed 12
Pl T SRR R il o3 4R o St g0 1 the top
cw@uﬂﬁ,ﬂaﬁ(ﬂhé&@sg@ur ce material 124 in the upper
col der portion of the capsule. In one enbodi nent, the
source material 124 is placed in a_porous basket 140

Ingengpembedimeph ihe ﬁ@edoamab 129 0s hyngdy 2 mare (L3RR degrgh ¢ hole
drﬁféﬁt ﬁ]% gglgtﬂehgeeﬁaf I)l a%o?olg IO\QScrgle ﬁl'o%tfl eh ﬂ it ﬁuth a

e transport UtTT ent hroug

mhmhﬁineoﬂ:ﬂl&rferdnne droen ealhd0R e pther Materizéy; allihe dblamyy ab gailled

be added,.to t e capsul in order t i ncrease the
bysd fagh Pi %mal? @af@rﬁﬁw etz Pehitraseig el fop geemale. viherseed

48 1204 4vQ 3RAL rSlld orfe Qi1
e el 2003/% Y3LpRah e@%:a%su? P titae seed.

filled with a sol vent 130, i.e., a supercrltlcal fI ui d
Iyt reagsy of e@s;ril@n golvenm,d howevs, the sohwbilsyrbafd GaNntd@creases with

d t
REPORRE TR T PR G B, ey e s if e foveer warmer
pdrfién ¥PtherRpiNé afE eéPiodcteateRd 124 in the upper colder portion of the

capsule. In one embodiment, the source material 124 is placed in a porous basket 140

displaced from the baffle 110 rather than immediately contacting the baffle 110, as the:
latter arrangement may impede transport of fluid and nutrient through the baffle 110.

In one embodiment, a mineralizer may also be added to the capsule 100, in order to
increase the solubility of GaN in the solvent, either together with the source material

124 or separately.
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source nmaterial, seed(s), and baffle, between 25% and

100%is filled with solvent 130 and the capsule 100
woo0ewaied. |1 n anot her enbodi ment, of about bePeEAIS20088081255

and 95% of the capsule is filled with the

supercritical fluid solvent. In yet another

enbodi , ni.a is enpl,oyed as the. s r.eritical .
TIPS 0 iSO o VT i PG Liee] i ndgr Pocessing
© coRifibAY edndénd BRLBUIRRNA! drf@bnia TRI dmplePe g akd Qfpercritical fluid
provides the advantage of a. relatively high _
sobehtib3Q. i tOf thé figaNolumid ia thetapsilsi he, theevrdlyme oot esipied by the

t he .capsul e rti,cukar whep.t he ul_e.,i .
sopitg Tl opoGfehd B! betpdBf Do ¥ 30024 8s Tt aigh splvent 130
angaheélRipsuley 16 isGNed e C It s ABer Wnitlbdith &P 6 @dtk Between 70% and
W thout wishing to be bound by theory, the inventors

- 95epf dg sapsila is wvithahg senereriticehBwidsaiverieact i on wi t h
.the mneralizer and solvent, form ng conpl exes

SRR BUE BB 954 G5l QU0 LR R0 s
13Bornat aramoafunt huaaipl NgR, iis dnepleyeal lak ethewntiherakizer. - This

~equilibriumconstant for formation that decreases
copittitationmpeyidesthe adwantiget off relativielnhigh sohdbdit@gl GaN while not

f d at__higher t t t ffect.ive . E
ey 5T Blronie e SR cauiehArR YhswiBe SRS i Whricaid from
siOBAi ME @i et e EFQUVE soMBil tT GANS A6heItks twith tdnkjrature.

capsul e is typi call)é found to be filled with white
Withewf| wiskingpe dedioynd Ry sheoxyr thy inyemtara belioie thataPgyjvadergoes a -

alel! he.cr I [ : .
cHe R Jedeh i, s BRAIRAT oo SPTBN B TRE S Bprising
© galliingr AiboHide, abfn@iiemeivhoahdremimodia &vhight lredsolublé iih Isuperckitical

seal the capsule, the capsule 1Q0 is first _cqoled to
ammPRiAp EPEREIAR ofttha/ROTBRICE $hs sBievdble With ap sqwilibHam cgnstant for
fohhé’cfﬂndthgtr de%ﬂz%als&' with fn e%re%ﬁﬁéflfgnﬂﬁ%]p' o%%éféél@ i LALbA%A at

cool ed, a solvent source Is placed in flui
higlmemperatire and whe bffedtve sphibilith arfb@aN afectehees ceifts tdngperature.
A% SR BB R B S at bt o
bd A&CHHRRVhiRS ARlleAhdFST ESstalsamRYRY dPfradnV@Rlysis3Adicstes that

‘introduced into the open” chanber,” the chanber is

the enistads corMprésechriiyOed,)nand G8 3@ e dwhéserstruxamgs| arg kbgwn from
pi.nching off or collapsing a portion of the wall 102

the Gtergiie a wel d. 30 WO 2004/ 061923 PCT/ US2003/ 041255

- The seal ed capsule is placed in a vessel capabl e of

I e e A3 S S AT by s Pl T it
cobRdo aGemperatirp aewhichehd stlves 1 38 boeithes akivanid ansblidbdrce the
ca%gullé 98{) is gurfﬁgirereltfl; t50 L, , abseotl\\fl\e%? Source is placed in fluid communication
- with the open chamber of the capsule 100 and solvent is introduced into the chamber,
which is open at this point, by either condensation or injection. After a desired
amount of solvent ‘130 is introduced into the open chamber, the chamber is sealed.
The chamber may be sealed, for example, by pinching off or collapsing a portion of

the wall 102 to form a weld.
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about 5 kbar and . about 20 kbar. An exenplary
pressure vessel is described in U S. Patent

wappi4ioees2B on No. 09/ 683,658, to D Evelyn et abcTfusk®do41255
on January 31, 2002, and entitled "Inproved Pressure
Vessel , hereby i ncorporated by reference in its

ent i ret One exenpl.ary pr essure vessel of th

Thesedeq S?PSPLG ig piféaeé g argre! consbl ea@“p%ﬁnﬁfa&@gztgnpmum between

2Bt 38D *ENRAWBEHAIRI0 k0 or g&?ﬁ&ﬁg%@% eXl abOM 459! o O bl 1200

mean tenperature in the e tenperature

°Qraadi eptesaute besvdcheaboed b kibar Sﬁkb‘ahoutrB(Fklgar a2 prefferablg between
trok ar at us, In this pressure

erq ty .
6%‘§§611 anen i‘l??é‘?g%gg - st eel endcap 17 is surrounded by

an annul ar  pyrophyllite bushing, 51. The |ower steel
Achaé?(eﬁibldrg g?éé&fr@ yaeeds l?Dés&fBe@'iH‘UlSa'PateﬂYA?BPé’dtilohtl\ﬁ) 09/683,658,

bushi n Bushing 51, along with annu
tcp?r’lf‘a‘fﬂhm ¢tial filbdishi atglaazﬁl 2@0%01&1:1|eu‘atl¢@/“lnm$wedtlhsssure Vessel,”
ectric

b et e B e S S htindtl, DS ey mieamusg vessel of

fReieefion he ot 8Ro2RdkdpLapRiratheatoer vafich Bﬁéﬁvb r’tﬁe tpera’cor to
elenment 16 in order to divide the reaction cel

indepensisatly eptrpohotintheamearn igmpesattei ntheHedt and tle¢ éemeperature
g?a %Rx%r?gsot'hg CE]EIS S 8\%@11‘1) fFl 25 et%% I%:]grgoﬁ;ggﬁ or a Qreag.{ 699

W'Te, &i ng,
t hereof. The heat| ng element 16 may conpri se at | east

Tonigls Qiresgtu@phdstel 4%Qithe ugpaied] endedpe b7 goBurreurded W an annular
t| tgnl u t ant al u:‘ﬂ_l st ai nl ess st eel ni ckel

ushipgoAf u nlewbcﬁ&% (FEPt g teFoundede Ry (# annular
ppfgg &1‘1‘1 bQé].’ﬁlltl @§n§#_gllg a% aqn aﬁ)"ﬁ%%g}ﬁ anfidr Bgﬁ[@}r}glﬁé ?@sshmg 33,

reof. In o nmeht eatl ng
cleatrichy ensmlatm) ravils B@randr 4% emvdieyl al oy dl¢csricdllgngdnductive

2 ﬁ ?q\é\,, 1§ g,n% r‘%gg%\fp&lg ra? Ie?vgc%en &gﬁéqlnjglmfi %@om of heater or
hEzEtfh\g' deRentate Lerddeas idndde RNMRAL kIR dndupper section and a
non-uni formthi ckness, by perforating the at | east

lower seetéani n@e@ingrﬁmeraﬂ@eh}eb@ gdthgdom of adweating tube, or a heated

Ldi n | east one
Bt 8o Wi i o7 SRR GRERERE" e dRrU clgment 16 may
cdﬂnbﬁ@a" iab Jletig Sbisd 10f1 EddpRite 6116 GtHMitBO nithsoraé, 0 AbbIE titanium,
l ength of the at |east one heating elenent 16.

tonytH By St Blepletesl.c airkak t cpmihe attPoRjuy emelybdarsua| sgsten,
rl'(ljén‘f‘urhnﬂ%u%}rlfagﬁtlﬁ{uglg%ﬂlc\%t &ﬂ?lﬁé € ark c%ln%%ftlo}lsc‘ tﬂé&&? In one

t er or’me Oor exa

embodiddent\Qh2 HR41AH b&ﬂ&n?%/ 152 BN @Mﬁﬁnfolrmafbtslsﬁﬂey @fong its
GR’AF(]L(r) graphite foil, graphite, NI CHROMVE allaoy (N
Iggth torproyiis a tamperafyrg, et AVAD-wIfoam TeEistiyign mmhﬁ prowded

£ HaltphS By Hr&Giling He Hiheatiff RMHM 6 AbViGE A dMuniform thickness,

by perforating the at least one heating element at selected points, or by providing at

least one heating element 16 that comprises a laminate of at least two materials of
- differing resistivity at selected points along the length of the at least one heating

element 16.

Annulus 53 makes contact with heating element 16 along its inner diameter and with

die 15 along its outer diameter. Annulus 53 may be formed from, for example, at
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nol ybdenum tungsten, rhenium hafnium platinum

silicon carbide, and alloys and conbinations thereof.
woheosainzheat er power is applied between anvi PeTRB2@B/M41255

41, and differential heater power is applied between

die 15 -and either anvil 37 or anvil 41.

Al ternat.by one ter c I Cu e . ed, 0
tetikplie e OhAT Ol AP T bl N BB PR - Fe 25%
' CIb@S)%Qﬁolﬁhﬁl Hoani@nOtagtitirh, 4dinled® st¥BINinicRel, Vhrdifitkd, Yhirconium,
the tenperature at, two p03|t|ons within the cell,

m@ldbd@wanmegste@s rhemeunp.ole faiven, tpdatinom, sfliconecashighp aad alloys and
ensors .55 and 57, are inserted through
Coggqnllrl)al Frgl ts to the desired position. In one
enbodi nment of the invention, tenperature sensors are ,
_ Thdhnhﬁlehefatb"rrpoﬁ)»fer i @pplﬁddibl&iz&sl anvilB S7nangt 4)1r an&rdlffaéhﬁi‘eﬂlheater

fiber cqupled to an optical pyraqneter,
POSYSHHET ARR ’reérbet‘f’??é‘r @gfl> apdeeiiher pog} 3¢ ab@awb 4ioe°dr%naﬁvely, one
el f r b
hfs R e AR IRV G BEEL Bod BT o B e cirur
bqﬁweasdle i3 aalnldemuﬂ) 4io Mmem aoutrol5thk banperatock akmmtposmons
“g‘ e%g |st icallgﬁfhorma froma
Plt%%f:ﬁ p eé‘%P arigh Rotiogy Of thesergpley iﬁ’lnpéff"ﬁ‘ﬂé (SENSOrs,
.5§ hﬁ&’ 8, a %therté@ ﬁ%&dﬂgﬂn&ells&ﬁhﬁﬂn%ﬁﬁ t%t tﬁ@'de%e& BSsﬂldnke In one
anot nbodi ment, the capsule 100 has a
ﬂﬂ}@mgﬂmfﬁbe mbtwn,ttympﬂdtws sens«bm rere &l the forre rof thwrtmcouples
PRES ect to ercr%tltcal E 3? and t he mat eri al b p
B%mg%c%é 9BYC i RUPHE Qaffs JPHCA FHTOMFER Wi °°m ination
thadapt at i ons, the above enbodi nent of the zero- st r oke
appar at us of the invention can be applied to a belt
appar at us, BI ston-cylinder apparatus, a nmulti-anvijl
Thyy @%kora@pw atl @ is gelf-prossyripable ppée betaﬁstarlaamsﬁlobar) and about
t
S(gﬁabga\gu lrig %g gmb%ﬁlx 3(%15@ {(ﬁ)f is é)ﬁ% V\lﬁ?ﬁﬁﬂ: nl%)gc? gtem%n about 5 kbar
anldedboaed0 RbautTheS@p&alanco isZtQﬁlcaIQ? f(ﬁfne&rfrcﬁlverrﬁtghablatrﬁetal such
bet ween about 1 C/ hr and 1000 C/hr. rrper eiur e
asy PaEpeinkimited o, ROPpFTe SUKRE 2Rl RitinuPs a!a esauséﬂ @r the like. In
e S :
oFRTERAGELCCRITARE KINCHERIS AP iR bty nd is
chentitallyaagrevithtrespebieo rb]n@wﬂroatlcalleﬂmé bndlhe rﬂ'éttemal to be processed

wifigoRe Gt FOR“WE oligh ath e HbG ey SERuHRTRLof the zero-

sti¥te GBpdrifis P MR OERioRCR Hed! gﬂe@fooﬁ’@élﬁg%paw GHAGH-2tinder
nucl eatl on. 32 WD 2004/ 0619 PCT/ US2003/ 04125 In

appamtesyd guiitieanvilgfresshepppragssent aispliesthiennapparegus for growing the
GHETRRIA S B HhAGLST at the growth .

The capsule 100 is heated to the growth temperature between about 550 °C and 1200
‘ °C, at an average rate between about 1 °C/hr and 1000 °C/hr. A temperature gradient
may be present in the capsule, due to asymmetric placement of the capsule in the cell,
non-symmetric heéting, or the like, as described above with respect to the pressure
vessel 48. This temperature gradient has the effect of creating a supersaturation
throughout the heating sequencé, ‘which the inventors have found promotes

spontaneous nucleation.
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tenperature is initially held small, |ess than about

25 C. I n another enbodi nent, |less than about 10 C
woaoo4epesi od bet ween about 1 minute and 2 houPeT/USE003/041255

order to allow the systemto equilibrate. in an

equi librium stage. The tenperature gradient as used in
Ith| s applJ cati ?nfff?ss t he .di ffereﬂce in the tegperat re

3, ong GRIDRAEED oF threDiespE ipVentio, F Grmpesire Eedicghat e erowth
térﬁﬁer&tﬁfg i %ﬁl&lﬂeﬁél@ SRUR! 18Ss HREE aﬁdﬁ@ ated. %tﬁ%‘gﬁﬂfoﬁhﬂéﬁ less

gradi ent at e position of the seed crysta

thancabent 1GC, cfena geriod bétwees peaitt 1t mintubeartderhewias inr @rdartto allow

the tion..of the source materi is likely t

SelbRcle' aflivviee ' & SRUHER Y ke The ipnsratfisadientas used n
tlﬁﬁ aplplﬁﬁﬁom & theHiffdteriddgn Wﬂe}npbfahﬁ%ﬁﬂ@%& th'% capsule 100, for
oppositée in sign to that where crystal growth occurs

eppmplse where! thacpirol dhenmmcoyplerare lggatcch afrhettempangture gradient at

a ucI tiaon gent er ro occurs on
B Rl bR Seel T VR o il 0 B Bt a
tixpsuRithnedisd s)buﬂléﬁhﬁé;ﬁzﬁds k1§ t@bSsdriewi® sialéon of the
capsul e where the nucleation center is provided that
ve formnmed durlgg heating. In other words, if

QH"‘F@HQ §1't’eaTen§’|eEﬁHt“ﬁ gedigftds ﬁ%ﬁrla tb%§ﬂ‘ﬂlilb1éuméﬁﬂpﬂértath§r@p081te in
%5%’ iz %he?éqg‘g}%t%p@'om&ru% {y‘xﬁ the rﬁ{g?eq{lgﬁ] Eex*tgr (? S(S ?]hal? %tqhmg

egative Ver sa
opars aicthe augeatishitepter odignosh beacqﬂsr cm/thd:e;dumh ﬁhﬁ&eﬁdﬁ)‘i‘so as to etch

t enper at ur e ient is increased in magnitude and has
a‘é(ag].oaaﬁ S@B}&ﬁ%ﬂ?q%aa%d L%teﬁl getglssn the regign scg“efae Cepsitleywhere the

nﬁcl@itﬁﬁ&tc%ﬁtef & Boviaed t}%i(ﬁﬁﬁ?lh%v%ﬁﬁmte@ 'Z‘iHﬁ hé’a[t g {ﬁ‘%}lﬁmvords if

increased at a rate between a
thm@ryatal gyorwrth ocours fblaagmsltlwal te@pohire grag;lnam\tyt fheh she temperature

faster. t he CLY, rom h stage, the tenperature
g@a?iée&?g { né:gath %Ylgeé{f‘?ﬁ@mtude of between .5 C
and 300 C and may be adj usted upward or dommmard

Adter | thiy @oolibiatioPhérIi| 4 YaroWhe pegiBREnRAYUPE BOMAE® Nvhere the
may be changed to have a sign_ opposite to the sign
teRpRSTRURS, S0 iENtaE ingragsedt intheens@del ang hasteatign Turd thitgowth occurs
e di ti..onal
of e 85001508 oy T, 5O PSP o iy B ARy v
mp@na:chmem watk ybefvosenedbonti 0J0¢ i °CAndanar 2510 A gﬂboaMdag@nvamewhere

nuan tion centers or seed crystals. The HPHT

WMED% faé e FRySiAl Frowd stage, the|temperAiss Stadipgt may be held at

a%ﬁg%itﬁ&eeﬂf beﬂzv@en g"’@sagl Vﬁ)Oa’CSéHEISﬁ'leBé aliul @Eltu'r'ﬁ)%rcpg r i nward
e and precip

source galliumnitri tate
dhmegs gromtb g)i:itllonali“y rile tami@ratmy%radwntgaw bel chariged itel@ave a sign

boul e r galljumnitride cr eed t the - .
ORRSEF I 15 Y hHHE g@%@h(ﬁm&é rai/ Se? %TYtsféhpﬁa%%laﬁl af the gradient
niag%ecléﬁ&géd?oﬂeogr RYe BetitislBiads qﬂ%‘déi‘tto %1t51%ta\%1}b BicheSRy any
: out C/ hr and 1000 C/ hr, and preferably between §

snADtGosl 6o Ed rRCE W8P pOBi@d EREB on one or more nucleation centers

or seed crystals. The HPHT conditions are maintained for a length of time sufficient
- to dissolve a substantial portion of the source gallium nitride and precipitate it onto at

least one gallium nitride crystal, gallium nitride boule, or gallium nitride crystal seed.

At the conclusion of the growth period, the temperature of the capsule 100 may be
ramped down at a rate between about 1 °C/hr and 1000 °C/hr, and preferably between
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about 1 C hr and 300 C hr so as to mnim ze thernal

shock to the grown crystal. The cell, including the
woapsHlee2and pressure nmedium is renoved from PO®/US2003/041255

pressure vessel 48 and the capsule 100 is renoved

fromthe cell. The solvent in the capsule 100 may be
conveni ent I(i; renmoved by chilling the capsule to
bz d e/ hmend, 39 rC/Br &2 @ﬁ @ Iy PInRiFR ﬂ?seéllll\?]eﬁhocb dp dhe graygy crystal.

| Tﬂé" 9?1;1 Li{'lblﬂ n% qg? %%Btﬁ}él s issurd Hl%q.hlﬁjl llg%rH?Véd}: bR t}q@ bssure

evapor at es e ’capsu
v@pamswnd the &Ffps@ib a00 iscieypied frio theoelled. The
crystal (s). may be washed by an appropriate wash, such
s, for .e | e, | east one of ter, al coho
T ﬁ%lve%eaﬁmn@péﬁﬁaéﬂenaya%wwwg? TeRIVE bt-‘/ochﬂhe‘ﬁ-&\‘r}éﬁ capsule
I r S
B A e R e
they atlowhrigot ke waon do (dm::tl)e sokdenh |eVatpomatas:| The ¢4iNGB)is cﬂ‘thmen and

ok Bl SRR 5 8! D e
sdcﬁaé?st N ensle! Cétsleé{\dttcﬁle%‘ whRh), al%l QA Mhdrhor@@sb BIREE, and

fluori de concentrations of 0.5 to 90 atomc %in
mm@al gn@\mhrenmvpemmemﬂlésr beTkmenneralomdm tr1ieeding thenghllium

ture adi ent s rowh .
oSG A M TR SoPFIHER o S aRRRIED e (FREH AR acia
(1eNbgdi nent of the invention, the growth rate is at

| east 10 mihr. In another enbodi ment, the grovvth rate
is. at |east 20 ni hr et a fourth enbodi ne
Tb? dRentory have &Fréﬂﬂﬂgléx@éé‘i that, withthe chorep @ffaé H%a@b ppag of HF,

FC GaPE,‘ Qe LRGidR sﬁ}l‘fs&&&s fv&?{ &Qr E%N? ﬁwe NnSEddfl! dther at

ystal “’substrate ntende trat ive

ﬂﬁ&hd(s coHREntEoHS df ocst tolIR) KOMK %JﬁidN , OWth kdnPerdth@s between
sense. Cther nethods for form ng the single crystal

600 bid bEOOFQY iandi senfiperdtinesadikith bettveen 10had 61°C, GhNtgrawth rates
intended to fall wthin the scope of the present

ofjatdeash 3 ymp/hr @ay be arhieydr datose |embﬁemm¢ R H@ invgpgion, the growth

rafe %(; akﬁ stnﬁy%mﬁﬁ e'i‘]i%]?o eef gzbe gl’%tsghgndartg rgﬁ% Fltoleast EB pm/hr.

IrEyet 2Bt BMbOBmeRd RAHE gate@é/re GhatRed & z@hien
t'echni ques, such as photol un nescence, which occurs at

the band edge at roomtenperature for GaN. For
Th@f(gpgﬁmg dgscrlp‘gord pEihe paedesn faddprsiing the GaN single crystal substrate

is 1 i]e%}g%cf kg gleu r{,%eo gya‘aégap%g g glpg\lﬁtlglg ?111; 1¥y mtlng sense.

Oﬂ&lﬂ nibEisdds et ffoﬁﬁmg?tﬁe WEH12 QO &N 33 oBGEbLS R0 MlledSh the art,
measure of dislocation density, and requires no sanple

bufrasp Hytepded fo fab withjp 49 ssABe af t(]ge present disclosure.

Crystal Characterizing Methods: The crystal may be characterized by standard
methods that are known in the art. The quality of the single crystal may be indicated
by characterization techniques, such as photoluminescence, which occurs at the band

edge at room température for GaN.

For determining the dislocation density, cathodoluminescence (CL) and etch pit

density may be conveniently utilized. CL imaging provides a non-destructive
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non-radi ati ve reconbi nati on centers in GN, and
therefore appear in CL as dark spots. One can sinply
woresNce28 he concentration of dark spots in CLPCTASE®3/041255
to determne the dislocation density. A second
conveni ent net hod, which may be nore definitive in
sone c S ch pit density e such etch
R icide) 8?31‘531“%% Sgy> 41 TRAWEGSGH iﬂﬁfg@% Prgppragiprh Diglgcations are
n%?ﬁiét%ckc&ﬂbﬂatldﬂ' daftefd 1nat|3aN aﬁ@@ﬂlereﬂa Ry eExei'htCL Zs6dark spots.
3421 (2000) 1 ncorporated by reference present
Oingoen tsomply hagesutectht @dndeotrhtiaf of ﬂm‘keipntstlhcﬁls 1m,age|s ta determine
co rcial, GaN sanple grown by HYPE. Dislocation
ﬂﬁ%ﬁ@%?ﬁ@&‘%ﬂ%&h-spot densities or etch pit densities)
of 1-2 x10 7 cm 2 were obtained, in excellent

AR Hveiichmbied Wahibe ?nay%ﬁﬁéﬂé@ﬁﬁﬁﬁw% h& sGHP BASeE s etch pit
and ot her researchers on simlar material. In another

denfisdiQnersuch eted rmthcbcb det pomplis s b vgpdrsphagietEl micheas described

oL 39 2 8511 By TSP ERDY O 8y e

absor ptl on and em ssion properties of the grown GaN

Tha I’pré)sen‘d atventarnBale teytedHotlc dff thdssanpthbdwithCalcb@iicadal GaN
phot ol um nescence. spectroscqpies, as are well

\an‘ioﬁ’nt ¥ HVPE. islogptaen MeeetleSp {Saskrspote densifipspar etch pit

det er Van-2der W ect neasure
d%fgﬁlﬁﬁ@f" oh i Rgh A N erst AROER . el oo oath the' values
@6&6&% isuphlidrhgd %Q{efr?éie&eyég 8h sinfilf nehshal MRy be }
rther processed and sliced into one or nore wafers,
‘| apped, polished, and chem cally polished. The wafer
Inp enotherhernbegimept; éheeﬁlalﬂcytlméerwtw hp cleteenined dtanemissiab aaitctron

S R T R R

crystal, and vvafers formed therefrom are useful as

Thebpticatabsorptivn eldeahission prepeeti@ifake @RWOGHEN ddf beGRErmined
ﬁ¢ter cytting, the substrate is then polished to a -
byiopfieal BoserPEAN SeptigmeeaKhphtalumingseecRi Shgctraseomiey Ga gre well

kﬁ&% i aﬁ’pel“]?étr ctélecth altﬂ?glr T4 an' et SHRRH tl?f?’gn ‘&@{TPQ{%N Hall

remal n r ng process,
effacy ntrlaswemﬁnteﬂa}tnylelsemepmbe L, hod by hbhpltobaltahkiqoem | n
the art ,- includi ng chem' cally assisted ion beam

PP BEAREREE o, HAD e B SRS Gl ice
1&@@?1& 07 nﬁ&@ \Mﬁ%@r la:pﬁe(ﬁ PORRR&T, ahHBehfl Vl?gﬁh@‘l%m THO Qafer or
and 1500 Cin a nifrogen- 35 W) 2004/ 06

Slﬂ?@qrﬂw%@th@%thld@mSabqﬁWﬁ@l dlqmt)%}leané 10f mym, elmhpreéerrably

b%cgﬁ n@é;]ﬁ‘bgbn OanglOS %aga’:l;%:sasgn X cer‘§’1§’tle'{ lpl?rg’lvl\’ﬁelae crysPaLIl and wafers

formed therefrom, are useful as substrates for electronic and optoelectronic devices.

~ After cutting, the substrate is then polished to a mirror finish using mechanical-
polishing techniques known in the art. In the event that subsurface damage may
remain after the polishing process, the damage may be removed by several methods
that are known in the art, including chemically assisted ion beam etching, reactive ion
etching, or chemo-mechanical polishing. The residual damage may also be removed

by heating the wafer to a temperature between about 700 and 1500 °C in a nitrogen-
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The crystal may be sliced into one or nore wafers by

nmet hods that are well known in the art. The GaN
wonyeHwaio2er wafer is useful as a substrate for PCT/US2003/041255

epitaxial A ,,InyGl_X yN filnms where 05x__<1, 0SySi

and 0Sx+y<1, light emtting diodes, |aser diodes,

phot.odet ect ors, aval anche hotodlodes tranS|stors
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Pfi“ﬁééwl?eo‘ﬁmpﬁﬁlﬂas PESEPeingHIION S FIDEFAe Esijsitds subspagtially

reéﬁhc%h d&dGVCB %t t%)b%@@(?msﬁéégﬁ@e G &Elye%{ & e %?éﬁlé}ﬁ dﬁrm% crystal

di aneter and thi ckness ranging from about
gréabinuand (bydﬁmgnng the s@domvstalzwnhmrths g(ca&ﬁbmhambex: nfhe improved

P 88w BT v DA by, 1R el OONG Bt vith the

cr%rsl%ﬁs (B@higs’drﬁ& ki%glér X§htalsS ofiginhich 8o/ 8§ 4hnlabdddadatiér than bemg
ransparent; wth an absor ption coefficient bel ow 100

formed by |cpalasesnere pf emlmdb Egwth centess, dghng yubstentifiby free of grain

Lrker bi | | tl a ba
boy fi%nerseglgunound %é:; %egl l?%ﬁﬁﬁ haggl,g,a?% yﬁ%n m%gﬁéf’ verzll of a
1etg bemva g Utm©. 005% A GaN single crystal formed by the

above nethod may be characterized using etch pit

densi ty neasurenents, photol um nescence, and_optj cal
Ingppgp e pélmmé@fﬁrﬁha qecess wighe inuensioni rasae singhe salligm nitride

crthXlﬁoca i on@’%r &E’Jhﬁcﬁg @ﬁatg eée?Nt g%n%héél%a r1£'?5 ﬂfaﬂ{e?%aaﬁd thickness

rafigiyig theim ﬁbcsum)ok)zzﬂmh Fabmt k)e%&rﬁﬁ@nabbﬁﬁlmmihes: @boon30 cB3f. In
WO 2004/ 061923 PCT/ US2003 41% per cn®. |n _another

angHish GRAMHIENE, RS148 1R g rangey Lft@rlﬁ%llfs e alqys p 4Bgher zed
by a dislocation density below 100 cm 2, a ‘

mPRet GhoVLN &IARARRRP RS TGHR WahaE BSS4R &mRd are substantially

transparent, with an absorption coefficient below 100 cm™. In another embodiment,

the substrates have carrier mobilities above about 100 cm®/V-s and strain, with respect

to undoped GaN homoepitaxial layers, below about 0.005%.

A GaN single crystal formed by the above method may be characterized using etch pit
density measurements, photoluminescence, and optical absofption techniques. In one
embodiment, the GaN crystal formed contains less than 10 threading dislocations per
cm?. In one embodiment, the GaN crystal formed contains less than 10 dislocations
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photon energy of between about 3.38 and about 3.41 eV

at a crystal tenperature of 300K, and has an opti cal
wahsawoeigzen coefficient below 5 cm 1 for wavel eqgus003/041255

between 700 nm (red) and 465 nm (blue). A GaN single

crystal .fornmed by the above nmethod may al so be

characteri zed b infrared transm ssion spectrosco
P i by 1RO FadREEp e SEe CotiAl AOmEd ICSTaGiFIARA b @

Dy qt her net S, d-he. eaN _grown .in gne enbodi nent, ha
ool ooty 050Ny PoR pBR R infhcPRE PRIGEn FRGyaaR ot o
phoRorB &g B betiebh abouten3graid abiardi eV deadrystdiliémpefiture of

The crystal is annealed to 750 Cin high purity :
300°K; agérhakoan 3pticdl rebamghtion hweffii e retbve fe et Uinfor svavelengths

re-nmeasured. The absorption peaks in the range of 3050

| betgeensAors gedhand 40uHa ®y¥elent i al |y unchanged,

i ndi cating a high sta‘bility_ of the species '
AT 63RO Byt fobh&d ?Pstﬁé l‘%?\‘?@ nﬁ%ma?%g{bdgg IEharact%rized by

predi ctions of vibrational trequencies 100 - 3470
infratedftoansiv(Baldh spedttembipy( sl IghRamygn speeteseapyatle tdmgrast to GaN
actual frequencies b bout 200 cin) . and t
B 560N, At IO s SPUSP I O PRkpGG! g several sharp
- ; i ni i |
SRR Pl ARGe B AIIR S00 o, WA SBARTR 65 Fon near
31175080 (. 1988 piystal is armedled i@ 780! °C Hathighhgurith seteqiten dbr Peaks and
bet ween 3150 and 3200 cm in the sanples of the
the ppfaedensctizn) saspBeigues. \iheHDsorRHan pealiyin the sangerpd 3050 to .
Sor-ptio 00, . i.n .
SRR Sl PR &Sl AL AL R B R oF e s
reSUnkibSfon the sbsyipaich paalts. VBHRER on paetiittivak of @ibietional fguencies
I_Ipeaks may be associated with the presence of other
off AP it BEE0 om defbecYsatl, Th¥igsH,t Grehiph asah oweigstimpte the actual

infrared absorption, feature near 3175 cm _in GaN
frequpaeiat BY 2BewWwdOrer oiand ithriplssrediop #€ énfiased absogtion features at
[ d4cdm v.a Ci nd th I Si n o
SORAGYT SRS 300,00 R BERLPURIFE ShRLLR, g wensen
ali, ndlpslatPhgs. Léthay2,t 103 pa®s)lyat ioBeliced QHhtt cheShimlRion peaks
Dependi ng on the cpncentration of hydrogenated gallium
bepweemz] WsandB3 200 GaNhe sgsplgs of theeenalivdomentreomegpond daiMg,H,

-t hi ckness of the 3175 cml peak may lie in the range,
angleY g n thab et abgorption peaksodsernied betiyeam ;t0R8rand 7 8@ cwenin both

of a N.crystal .grown t he i nventi th

O T4 G R et SN PR tot Db oy et and that
| S | Al b 7. \D.2004/.0619
o5 b A RSB RS BB R AR R
T @le Sesdnod ©f BB akSardd @b 1V Rtir® k#3175 cm” in GaN crystals

configurations between 400 and 800 cm The peaks, wit
growa hesein gadieries phssivokiae lodtesllivar saesinsies.vangl the persistence of the

infrared feature upon high temperature annealing indicates that this passivation is
quite stable. Depending on the concentration of hydrogenated gallium vacancies in
the GaN crystal, the absorbance per unit thickness of the 3175 cm’ peak may lie in
the range between about 0.01 and 200 cm .

In another embodiment of a GaN érystal grown by the inventive method, additional

- evidence for the passivation of point defects in can be obtained by Raman
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at 530 cmi [A (TO], 558 cm [E, (TO], 569 cm [E2
(high)], 734 cmi [AI(LO],. and 742 cm [E1(LO].
wohes®erabues are all within a few cm of accepteas2003/041255
values for pure GaN reported in the literature.
Additionally, a broad peak associated w th phonon-

| asnon coupling i not observed. The observation of
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is in the growh system Foi exanple i.nfrared o
CRRCERLFHO0S ib%HV%eBe]& r @8c8pY 18n 3be- Helaishimpusky egnqentration in
. v . h id se ! [ HVPE) ..
URECRARE LB 18Y cal T B RRRONBIUATE oy BRSO RGN hative
tec thelingmisioe cancedtravidrhindivateser highf dgtee dUtorsensitsm Pidse likely
features between 3100 and 3500 cm 1 that coul d be
due i y9meEePo hydr ogenat ed Ga vacanci es were obser ved
in the HWPE galliumnitride material. Wthin the
THE S t ' | bedi Y Bin i
ex hill(ng sﬁggglg}{dgﬁ%ﬁnaﬁeb?%gﬁi ggnr%ngédlggﬁg%g%tﬁ}:’ aPVéh lbé@éﬁcml'
T_apigdrgaﬂlium ngudé trystab gtowtb metlootisrial doy punddppassivatied af gallium

is .geperally |ess than m 1 between 4 nm and 700
viginoifs BT ke RS, BRI Ry Houty i s Bt SO PoamDle
irdit a0 tHatknSi 64BN fsﬁ&@ro@@fﬂyi &1 3080100 AhmOthidRYGalE samples grown by

i ntroduced at igh carrier concentrations. Moreover,

hybpslentapor phaset eriGry (HMPIDrrevenlest wepl nbgorptigyu faaturess near 2850

| e , ' f '
e
3101e aid 3500 &nf-2NER coelg rbepﬁsf%le@ &b Al feh A8 GOl MYes were

absor ption peaks typically do not,” however,

obsegyedfin ek VY Egetliveenitide watosielant i al transparency of
the crystal in the visible for purposes such as

| de. raction . of itted.light. 38 s .
R g A I R AR R s ——
trhfiPateAViE MTheO Bptic absirPtien @adthiciem Rdrt fidiEiRalde lﬂnﬁo%eﬁ‘ crystals is

grown using at |east’ one of NH4F, GaF3, or other ‘
gammilyuless tioit 5iamab| setibyerr 465 tonpAndf70Ganm GBNped crystals exhibit
similarly low absorption, although some free carrier absorption may be introduced at
high carrier concentrations: Moreover, dopants, substitutional or interstitial impurities,
vacancy complexes, or other point defects may introduce narrow peaks of higher
absorption within the visible range. Such point defect-related narrow absorption peaks

typically do not, however, signiﬁcantly reduce the substantial transparency of the

crystal in the visible for purposes such as backside extraction of emitted light.
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NH3, and HF, as mineralizer, the galliumnitride

typically contains greater than about 0.04 ppm
woOhomroemes | n yet anot her enbodi nent, between abDWS2003/041255

0.04 and 1 ppm. fluorine. By contrast, GaN crystals

growmn wi.th fluorine-free mneralizers typi cally
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flugine; KBy eantiasty SadF srastals eremn avithe Hyerire- freqniineralizeretypically
~ cdnfla ar
oL S0 PpraChihes A NERRAHLY s3] s qynive
byt Ighrwfdlsnhmrgeemauy spiﬁcarymat@,i mdoadary aba mpasssspeatrometry, fusion-

.de h I h b
aifppiion Tkl [, SRR B omE alimacor AR asiPgergeciode
arfalfsisf '69 MliROUl A {RhNRE B 6@&‘10%@5@&1 Hﬁﬁ%gérpeﬂe ?IF&YI%lated

“I'n another enbodi nent of the | ntion e resu
flearinstis heleevadto be bmlgkmewmlbbt even headfmidl. Bono lermtics tib(ﬂuonne

ing B P foliaS HiPbically ATEINRBIY larBestRert i DriapRorithe bonds

todgdiozen, elthitGhiokias nﬁgrﬁaysa Sinfilar rA8pALRAdg Qéfe&at ed GaN
wafer .is cut froma boule that grown using a

supercritical solvent at a tenperature greater than

Ingensuembehimenty géfery tbﬁr aysial baSgb esatformeds ghe ablmmatesfor ktba device
L
o AR IS SE P & o b BF (B RRA Ao BRI gother
eralivalitherdtOsf the inntibn, the Qédiﬁﬂingeﬁﬂfsdatﬁﬂmk a ﬂhhﬁnéiﬂ;hﬁdtﬁféérﬁabout
' Lntyean @z’Fantlallytran arent, with an
O'QE?W? Mgk Jaesh Prederakly ety een #heut dxandmmm.s cm f or
wavel engt hs between 700 nm (red) and 465 nm (blue). In

InSnklenbdBRt e bf tHRIRRGAIE Y Gall REbstRSioF @é\ﬁcé BbARARG dofisists of

and in another, is lum nescent. In anot
anetiNO H)-erdented ﬁabl walsstis autefrbrasa houle rthEItMQWnatsm ptsupmrcntlcal

RO SR B ST B e i s
kb%i"b%@hé"%ﬁﬁstraté h§ fSﬁﬂﬁSft@lbe'S%bgf%HﬁQ \}W'ﬁte@ Gt tﬂteﬂgﬁndg%gs Afas a

difocatiod,dedsity Kess h&A abt, 100nE. MArofRf Eﬁbﬂﬁh@nt 3he fbstrate is
concent ration between about 1016 cm 3 and about 1021

ofaiiyge andysuhstantialhy @m@@nipmvh@m:%l@bmpson reefBipignhless than
enbodi nent, of _t he |nve |on (rnge wafer is

5§ L 2 OEVEIePEBE BEBaFAL AV B (90} ang ko Schp Jhfuekndn still another

| en%‘tgfggﬁg}gg ?Ceeé?ibh’@ﬁE qd nﬁ%%t‘f@faﬁﬂ In"ASuRr, G ThAE Ot e dn another

embodiment, the substrate has an infrared absorption peak near 3175 cm’ with an

absorbance per unit thickness between about 0.01 and 200 cm-!. In one embodiment,
the crystal is doped with at least one of H, Be, C, O, Mg, Si, Ca, Sc, Ti, V, Cr, Mn,
Fe, Co, Ni, Cu, Zn, Ge, Zr, Hf, or a rare earth metal at a concentration between about

1016 cm=3 and about 102! ¢m-3.
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and an N-term nated (0001) face. The wafer may al so be

prepared in other orientations, such as, but not
woi2o40eth280, the non-polar (1010) and (112 0) PCT/US2003/041255

orientations and surfaces vicinal (off-axis) with

respect to the (0001) or (0001) faces. The (0001) Ga

In b6 ] GrliRhe %o £ RNyt TR Byrofl Y hiferial. 1n
onéfé%ﬁibﬁﬁﬂ&@ Ughe (000180t RARIIEGaN [WsfetdSiasf Ga-tBRNRREAT0001) face
(1010) or (112 O) orientation avoids the presence o

an@i &v @éteemmaltetd {069 1ds fa,uet hilihet Wefedemayx elsos be uprepared ihnother

yet .anoth enmbodi the wafer, conpr
orieRiREoR; $yFheas, BRaet I {m to, thesmanr pelat (90|1é>§ anq (17 %&&{ﬁaﬁons

o388 P51 DRSSP DR, R TSBAR 40600

Ga’ulkfmid:t is1 Q8O femdepasitiont bf rkED egtilodiDreielicet figictures, but other
el ectrical resistivity'is less than about 10 a-cm’
orignfatons #re asehadiantageousof Foreggmha themeeof 2 nenpalar |(H) i 0) or

anoth r_enmb nt the fer p
(117 3RMaRE BTRRS) A7 GurhFe 1 BB GRS Bt s ice
strafdrd. N still anot her -enbodi ment the wafer conprises
sem-insulating GaN with an el ectrical resistivity
above about 105 S2-cm In one enbodi nent, the
In grat expotier &m@é@@efﬁo thegwelr Honerised @wp@ﬁaN nwithna gleetrical

res TR ey B 50 S-S koSl i BB e Giapisine
n-%@z%aﬁ%scm %lecﬁﬂ:gl IrEbi R Aty l%EBOttﬁﬁr abd®! @y ahedt 10Q third

. Inyet afifth enbodinent, the substrates
enfbodinecht mthe h]avtelcelaremsemtymblllesst fims soovel0 Sbaut 10G: fourth

¢cn2/V-s and strain, with respect to undoped GaN
emhofepts akiess thay @be t 1 aicHw dBotst anothsssmbediment Jhe avafer

co%%}(llsgs ep-{:@? réa 1t8 W efé%t %Fl%sgﬁfq?y ﬁeloﬁnalbg T a! Q:I c @Ed n still

ers 1o any evi ce es a S

anb@yge efboltintdht RAS vt'df@f chapAsk edenfitinfifatie GAN @Al an electrical
crystal of the invention, nanely, a maxi mum di mensi on

regiftivaty abewsabopt b9 Riamt ers, a di sl ocation density of
| ess than 104 cm 2, subst anti ally no ti I t boundari es,

In aﬁp d ? 88 Q % A ntthgné)ﬁjern;tgt%n fo?g%rﬁgrﬁf Oég Cﬂ'{ “ahother

B S0 S 15
angﬂ:ly &%B&ﬁ%%%&%@ aﬂoat/ﬁﬁtdr@% an e y&lB6thES 'Eb}bwd@dﬂu@ 200 cm.

has a [ateral dimension of at |east about 100 m
In yet a ﬁfth embodiment, the substrates formed may have carrier moblhtles above

about 100 cm?V-s and strain, with respect to undoped GaN homoepitaxial layers,
below about 0.005%.

Electronic Device Fabrication. As used herein, an electronic device refers to any

. device which includes a stack of layers which has the characteristics of the GaN
crystal of the invention, namely, a maximum dimension of at least 2 millimeters, a

dislocation density of less than 10* cm,

substantially no tilt boundaries, and an
oxygen impurity level of less than 1019 cm3, electrical contacts for being connected

to an electrical energy source for operating the device. In one embodiment of the
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anot her enbodi ment, the el ectronic device has a
| ateral dinension of at |least about 1 mm |I|n another,
watoMmas2zabout 2 mm In still another, at | ea®sCTraisoms/ 041255
5 mm Exanples of el ectronic devices include
opt oel ectroni ¢ devices such as light emtting diodes
| aser di odes

' i gh
m‘é‘aﬁlﬂ% the elscheris deries EE? gjlatgrgls} g%@%@ﬁ(ﬁ%ﬁ?wt‘ Sk 400 pm. In

L RHEAES, SYOOR ool SRR AUShEEHALATsMEGd 2 1
miv SfrerdcherBatTsast ks 2 nkitMIs stilp awather, atdedst etadut MOBRETS,
povver vertical JFETs, and cascode sw tches; and
i stors, ttk t|f rs, -i-n di
PSSR riE i sty eotodotion S foriess igh of et emfiing

. dl&fey éﬁﬁm%saedlaa&r (19t %&oﬁynt dzo +8 q@laémhﬁﬁ%ﬂd%meg RCLED's),

of met al organi ¢ vapor - phase €pitaxy
veaiwbcavllmcswfamermﬁﬂgﬁams (VIS 's), andapliagedegectors; various types of

eagioEroap 19 VR MOt QSPRTs oI TEORE S PRT S power

veﬁi&p ‘M@QFEWS t BowerGaditiealy SRRT's, Ofndt BRchde SRtEhdsN\wRdt thistors,
hese bEOSItlon procedures are known in the art. In

Scba@;em ereamd p-thdiodes:er or substrate is placed in a
grow h reactor, which is then evacuat ed Resi dual
rf c i .
InSohe &ﬁlﬁ)d@fg{aﬁ cgfsarfaﬁceh &g/?éeheacﬁfre ﬁ % éfbe fabricated by

COﬂt am nan renove

mdiledmﬁf datir €pitagy \GEI@E)aab@luﬁtalefghnﬁ:n\ﬁhpﬂaﬁﬁﬁhs@ eplta:an(MOVPE), also -
t nospher.e cont ai nj Hg ; DnLa at a partial pr esaure
1 Whic

kg, e AMVER oREMPCH h g ?Pn&lﬁ%n B8 niEAe filnef one or
v

mp 4L (I G Y PR ERERIE 1

Galth ugrstaabf teastsenh enveatiorh aﬂmﬁe cbpmm«nnmmcedured agdmoivg in the

fo ned 0 t e su yer i.n the s ruc ure,. ., .
arf. o oo MRS ST aToet Spb uthitpTgnicn is
thé??‘eva%ate('l.n Re8idfalIurfal &8G9 ﬁﬁpﬁiﬂeh}%ﬂ & adventitious contarninants
~organonetallic precursors in a nltrogen cont ai ni ng

rembned plydreetimgithe vefeub sitemperatusebétacen about 9Ae apk a2 ¥C in an

t he ni trogen- contalnl her e |nclu $ nitro
SR CBR ARG PR eA i A PR R e goar a6 ? Bar.
conpl etely deconposed before contact wth the

In 08 EnitdldBnert Uihk a6 fice AtrG@lFd B MfoMaed wﬁanaépltd;’uaw depitiyof a
be used. In another exanple, organonetal

mlpﬂm: wefs &iaN rbaw%éemﬁeaduq&vreéayiesﬂor sThusy an@FvE pi | @ae based
seifon@ligl et e L AR et By Rt ormed

byl étﬁﬁbﬁs)aaon i staabicaspedpanichpiseGly 80118, and Si,he deay@poditon of
t0 be 41 WD 2004/ 061923 PCT/ US2003/ 041255 doped)
orgapomgiplie RICGHHEOTHON B | RHIPSN-eQtaningn atmosplere gipthe substrate

suffald/ PEn"BLE kﬁlnple,a%je lBitlc"ogen-contalmng atmosphere ‘includes nitrogen,

ammonia or hydrazine and may be partially or completely decomposed before contact

with the substfate surface. A carrier gas such as Hy or He may be used. In another

example, organometallic precursors may be used.. Precursors for MOVPE inciude,

but are not limited to, trimethylgallium, Ga(CH3)3, trimethylaluminum, Al(CH3z)3,

and trimethylindum, In(CH3)3. Suitable dopant precursors (if the layer is to be
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(cycl opent adi enyl ) magnesi um (My(c- C5H5) 2) or di net hyl
zinc, Zn(CH3)2, for p- , type material. After the
wanmeaeing step to reduce residual surface damRrg®Uus2003/041255
further layers of the electronic device structure are
formed. Exanpl es of Device Enbodi nents of I|nvention.

oA b LRI RO TR Al o b
SOOPEkEEe b e e RS S o
hp Rk PP AR B QHE R By s g

lagerk ofrthe il dcarshigl deldoe sfroguireasse B6me8. i | | ustrate
“honoepi taxi al phot odi odes.- Wth respect to Figures

1-3., t Lillustrate H devi ces accordi.ng to ope .
E 2 mbodi verion, - xegn]?lﬁ ths @Fég tge device
erhibd@heRT RO IRRen®n AeHilrated™ Fffufé@el-@ﬂ kh ngﬁ}i?@ @ a

d ff I 1 d on the

escri bed above, a buffer |ayer s forme
sisglbstysta €3Nl Qubstratet tii)satdegst boatpitaxial KeN based dyyer; 4raks (i) at

different .meaning than the tbuffer Jayer™ .often. .
it P BRI TR N ABUFE S ooty a fiomepitaxial LED.
Fi?@l@f by iustteal 4 m&@&#@@&l Ltihat FRGts 2528 AEHARS hbiBEpitaxial

ayer or nucleation |ayer between a non-GN substrate
photediodes. sapphire or SiC and an epitaxial GaN | ayer.

The buffer layer 12 may be, for exanple, = Al x|l nyGal

) ejn S X 2 Y < Sy N L
WA pRPane pen fr e Qolty BT acuiec aBlRtine 0 one
erfdeddiméineobihkfigventiayerFigarennylhRaues a fiki embeditehebfeeiEMT.
abqﬁt 300 nm and 20_m_ I n anaot her enbodi nent, bet ween

Alter;{fg agnepling steprlesaihs dbfemt tferiayer 12 fsioamed orihs sugstrate

i o I r M nf, ad »
e
oftdnaduseiibdday ¢hie GaNelevit ari3whanhris epoodpceystallideddayer that hets as
Bk b APk SRR T BSOS R s o
SiPEh@NA lepitadifle ANt edyepst Tﬁﬁ rﬂdg%g é‘ﬂ{/er _tlﬁ‘emﬁyhfet, rf%% ﬁeéé&ple,

itself can be utilizéd as the .Tegion. After t
Al Ger- L ¥ywhereid 0 s x, ot hed < a+hacrl. ein dmwyenbddmern, the buffer
formed on, the buf er. .. The barrier |layer 14
la}s%rﬁ}mwrﬁa— w@m@ g'%Nlt s &L%ér WY b M ve s tickpss between
atRAl S0Chm RN Q0 |t FPhoBRIBHbSSimenl bhf%@ﬁ]l dhd¥BNimWWher ein
05X, y< 1, 0 < x +y < 1, dnd may conprise for
exanple, A Gl _N where x 0.2-0.3. The
Ini the empodiatentof Kig. 1 (andrtf digune 2 AlesdribgGatlow) yie thefar layer 12 will

CO%%aiI\lMé)l gvgoq {nge%%%%g’l gg&/rotﬂségsoalgé&%%gd act as-a channel layer.. The

. .. . 16 -3, . '
carrier concentration in the buffer layer 12 is below 5x10 cm in one embodiment,

and below 10" cm in another embodiment. Optionally, the outermost portion of

the substrate 10 itself can be utilized as the 2DEG region. After the buffer layer 12 is
| fbnned, a barrier layer 14 is formed on the buffer layer 12. The barrier layer 14 has a
wider bandgap than the buffer layer 12.  The barrier layer 14 may comprise
AliIn,Gaj N, wherein 0 <x, y <1, 0 < x + y <1, and may comprise for example,

Al;Gal_ N, where x =~ 0.2-0.3. The incorporation of In into the Al,In,Ga;_.,N barrier
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layer, with y 0.22 x, enables the barrier layer 14 to

be approximately lattice matched to the GaN buffer
woaymroci23 despi t e having a | arger bandgap. ThePOaUSR®B/041255

| ayer may al so conprise two sub barrier layers 14a

and 14b. For exanple, the sub barrier |ayer 14b may

be formed on the huffer layer 12 and may be Al N and

%56 veitlhy 544 Benpllgethe barier AT bt 19 b ARRIONMatdhe lattigs matched

ub, barr
LR T T B, (65 T e
alsa rdonff.)nsd: ay@ BublEMelahgierﬁﬂyta lad ¢4bf Obr ey the s@b barrier layer

|ck bet we ut 0.6 and 1.5 nm_The barrier
%95 ﬁa\ﬂge butferilayes d2<and angnebm AN el Al swpbairier layer
l%‘rr% Q)e ﬁ% bR sub Qﬁ{lep@ayép?% A Y Bgé\lggw FneClub barrier
rce codrain

anot er enbodi nent . sou cont act
© layent dlwis 2Righadbadpap Iagmt that tiAsvbrterfieriopd lda, iddembppave, for
surface_.of th devi The iggrce contact 20 and the

e¥mple & Haess ﬁ?é‘ﬁ@ﬁbg?? ~df%ei t her side of the

device as ohmc contacts to formthe source and the

THE Bbtriée ByeNSi4 iyt Bileea MAIRGRI bétRRen fPmnt hid wa ¥ in one
and drain contactS 20 and 22 include Ti/A/Ti/Au,

embpdinientt,/ mg, betwgeri15AmAPRS A sn ack sinothiee regibedimamt,. A source

SRR o A% DR RLBER 2R rob R B PR e
dbatyyethe ddirédébntadd208hd tHeGfaintchatady 22 A% ephrelies '%1tﬁ& side of
and 300 nmthick, and the outernost 1%ers bet ween 30

h

thendeviee Amobpie l@ont@%tpdgufpm rthergguise a@é edsain negxons Suitable

GRS, X BLOSHER SR, XRRR R D iy,

To/AVNEA S 2RO WMP?/AurmckELav}&relﬁ Qhclekgeidfahe gatleBBetiveen about

et n out 50 and 1000 m. The wdth of the source
15&8@@&}@5&% fuels I o gmbodipept, wee firse Tivtayar hstiveerd 0 and

391 206k Mhe ﬁég} 1‘%8% bt 9%%%1«1 '{)BernWtﬂltgﬁ b3 RS (ﬁ@&ﬂlost layers

about” 40 " a e separation between t
betwiger 80and 7@rren thiclon Deposti@Oman de22hiengd, Her exaaiphg ey electron

about 0. and .about 10 I n one enbodi nent, the
O Ay AR io Lot AT RO S REREI | ow g § he

deposition of the source and drain contacts 20 and 22,

ThB&oSrcE Uad WhdlnicdntadRMERART22 Ataydhdve ”Rﬁre%hhhbl% QQEMQE between
about 500 C and 950 C. In one énbodi nent,

bt S8land g} 00@ ppe r“élneuwelth of thetsomren and drain a'@ﬁacamao 8722 may be

biBishh OBt A B B aIoPE SOt e g e K batween ot 40
al?dg g&g lfutne ArR& NG G0l DEwSAH S Rofid ah@ Bral A dlaGORH 854 52 Ay be

between about 0.2 pym and about 10 um. In one embodiment, the separation is

between 0.5 and 2 pm.

Following the deposition of the source and drain contacts 20 and 22, the structure is
annealed, at a temperature between about 500 °C and 950 °C. In one embodiment,
the annealing temperature is between about 750 and 870° C, in order to achieve an

ohmic contact.
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the barrier layer 14 as a Schottky gate. The | ength of
the gate contact 24 may be between about 20 and 1000
wononk/eres enbodi nent, and between about 50 andp&0MS2008/041255
in a second enbodi nent, and with the w dth being
bet ween about 50 nmand 1 tmin a third enbodi nent.
ui tabl e coppositiaons for the gate contact 24 include

TRE £alG CRR@CPtY I APPsitadsetvipmay Bp fownse apd the dpimyeantasts emiop of

Rt Birterd a n 4| ALY be.

IS be% V\%gﬁegmbgﬁtg % Mé}ﬁggtfbongh en%ggﬁll @&l@&?tﬁ%g? t?%nﬁyrrlglﬁy be

betyaem abet 20hindvE)Obym eh @at reatboldBadht eariPstREdObout 50 and 500

- thermal evaporation, or other techniques. The ' '

1y ¥ pesped iembadimentrand) widh theowidth eingehetiveenSttout 6Rym and 1
rectjfi.cation.. behayjor.. The HEMI of Figure 2 is .

W § S SMPRASGE Siabls PrPPREORERRF GF feie Gonsag, 24 include

NIOURRY AN Gh o fvhdrefid et 1a9Cr 8 STOf R RELIRSIAt 20 and
the source and drain contacts” 20 and 22 and the

2 hpm; aad thewpherr layer, is dativezn tabewtcH)Of ordnH)0i mn thiek.c Deposition may

r -to.expose, the barrier lLayer 14, with the
a%a%%/ Z)ec%ch QE ?i%h ei%cltrioﬂegeagh_etvﬁ%orﬁté#i t%lfampaéy%\iapg@juomh gr other
techiit@e! TaY airuéfird By noPHRASEI, Nod@Pes! réhinl 8GRy Netification
wherein 0 _< x, y<_1, 0 <_x +y 51, and may '
b%ﬁ’ﬁ’?-i se for exanple n-type GN with a carri er
concentration greater than about 2x1018 cm 3. The

TRE . Y, [ . for | @,.0f
oY A¥ B S SIS ool D TARGRT o P EIT o il 2
hoxévdgtindudgsracmoatdchigeit T&fdmaédé 'bet:Weeh f&)bﬁslouﬂcé,and ldl@aiilil @orglacts 20
reduce concentration, and also forns nore reliable
aftsﬁfﬁ %ndd @Qﬁ?ﬁ%{?{ iﬂ.ye.frllfi quehartresrch fpigugdeinghe gonipgtilaver 18 do expose
the Rk @ lafdr A, Svitdh hENSE fo i ’ ’ '
i ncl udegig chanlnel I%dye%gaf%{ﬁcg{él{ege@mgleen%ﬁéeﬁﬂmrf1e4r' The.
cdngacklayd2] Samdy thvapriken-doped ARkeGa 14, N, Migerehanngly £ ay®x x +
28 hﬁ% a narrower bandgap than the buffer layer 12
< dn8PGMAY COBWRISS Hon ¢ra typenealHsitth 8 carrigy spnG@iratign greater
conpri se. Asxl ny yN, wherein 0<_ x, y< 1, 0< x +
thgn %Eoui?xéﬁ‘d Fhy C@Ee Fomtast laygr IjHamehgven tackpesss; forgample, of
b&REM R al YR nrR 8 Ll i s i
20 nm or nore pre )eéP E%Fy a%{e@ m%g%§§§5n§8%%%%%ﬁ%§ﬁgmer
layeri 14, uBter tat @ sedured ochmrentatiohe bad tatse fbemvik GRoreSreHable ohmic
I\/E%EET. The MESFET device is essentially a sinplified
MY on of the HEMT, wherein GaN is used 44 WO
2004/ 061923 PCT/ US2003/ 041255 throughout the
TliAeSHIIEM)I\GaN ﬁifcmg?ress HYGIHIR RNthat BEFEers 1N0 TRATHESIT bAYSHure 3,
channe :
however, includes a channel layer 28 formed between the buffer layer 12 and the

barrier layer 14. The channel layer 28 has a narrower bandgap than the buffer layer
12 and will contain the 2DEG. The channel léyer 28 may comprise Al,In,Gaj.,N,
wherein 0 <x, y<1,0<x + y <1, and may be In,Ga;N, where x ~ 0.05-0.15. The
channel layer 28 may have a thickness between 3 nm and 20 nm, or more preferably

between 5 and 10 nm.

Figure 4 illustrates an embodiment where the device is a MESFET. The MESFET

device is essentially a simplified version of the HEMT, wherein GaN is used
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| ayer 30 is formed on the GaN substrate 10. The

source, drain and gate contacts 20, 22 and 24 may be
woOaoomd192e a simlar fashion, to that descri begCwiusko3/041255

respect to Figure 1 Optionally, the ohmc contacts are

inproved by means of a contact layer (not shown)

stat t shown in FEi ure2 res
h G S s pomiicish SBpetutg g (Hsds e Baitier hyenof GaN ghannel
layéi}tfﬂ’) ik ff@nﬁe%gaxpmectw Ghibs¥rafRel PV 1S QL iffSn %H%Qt‘é%oﬁtacts 20,
contacts 20 and 22. The MESFET nmy have sone

22 #idel4 wey pe fdroreden esimitrafastior td tiai dscrlsedcwitip aersgdcttt@ Figure

d ch to fabricate,
oriBe ol ikt SRR B BT3RS B4 EBb o ffer oo
h VLSBT sh , |
Ly s

- angn-typec denant tyaeh @hSi gatOeﬂ@orﬂgam dperthysbelewathatsurder el drain
| | t
COEI&%‘[ C nép[l% 2%%%&@ ﬁ%am aé(l)lggw“l'léy{nlfF%Orf B?rgormance

or an |

chManéEi}'tlcs ablkemiykiet Ed {1 FBERT i ﬂJﬂﬁfple@ wh@theapsitiotfathite.
for power ‘el ectronic applications, as the pr esence of

r insulator_|ayer protects_the

th d
Infana PO RIaatITISHE SHOD iy Fish e e RNSE @VISFET. The
t
 MERMEMBIALE SihfIDR QUGS 1o b ABSPREOOPER! bhfifiment of
Figuwrel4y ercept tHat et gatmneontdct 3¢ @sepaﬁsté&)ﬁ}&n NhE©-hdBagl8yeraddithy an

|
in g U CanBbORER G FISTOLaT PP Rt FURE GFler Bicpi & MISFET.
THJ‘M@@EWMISPE’? fis §3rtlcﬁfarl§rrbﬁlt§ﬂl§’f§r ox’v&célét‘iﬁnﬁ' %Oph%h%s as

Si 3N4, where X i s ween . oXI
th¢ rpmr:mel @fgthel aydsy omagsuhtcgdam pxs@dtsttbe @hﬂmg fitoe oxidation
ﬂh arri dtthe HE SHr.u ure of..
56’?8” oh 1§ 8%“?5661’5 FPé"ﬁ? CERERHT P eeompoitions
foﬂ(:hél ®Gdé &f g inkhlatidgBherB B R RGSHEAT irwud@SaeﬁéHst 684 of Si0,,
t he hi ghest-frequency applications of GaN devices. The

S&B] Mg, G&,0,f ali R g3} etleieR &id fasreathriemenheigay @d. on

or a pnp Conf i guration. For sinplicity, fabrication

of only the npn configuration will be described in '
Sudteblgi donipgsitipahfir catinsatisrg dielaetrip ipsubasingilgyer 82ifontheMISFET

1n8u§)e?j 12\&?' o@?gﬁﬁ\/\{%ﬁh p|1t5y§e l a¥)eatnﬁe {) %\rr]xeoxrllge or insulating
1a§émfgz&>lg ‘é[s%al‘)&ﬂs ng vl fat V\%?ﬁi@ate-ri*?@m.stﬂpmt . %& fﬁgﬁlgbﬁEMT

N substra I's sem -1
stimetprda@iMégarerlesi stivity greater than 45 WO 2004/ 061923
PCT/ US2003/ 041255 105 a-cm The substrate 10 may al so

TglFle%/ Rﬁ?‘ﬁé Iélgt];) abI ﬁﬁgggg ctﬁ'? ég\;iéé 'an HBTC ﬁgtfrs %}el I?arlltlcularly
useful for the highest-frequency applications of GaN devices. The HBT can be
. fabricated in either a npn configuration or a pnp configuration. For simplicity,
fabrication of only the npn configuration will be described in detail but fabrication of
the pnp configuration is directly analogous with p-type layers of the npn substituted
with n-type layers of the pnp configuration and vice versa. The substrate 10 may be a

bulk GaN substrate which is semi-insulating, and may have a resistivity greater than
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A collector layer 42 is formed over the substrate 10.
The collector |ayer 42 may be an n-type |ayer of
woldap@aB x _,, N, wherein O . _< x, y <1, 0 5 RCHUS2083/041255
1, with a thickness between 200 nm and 5000 run, or
nore preferably between 400 and 800 nmm. -The
gol l ector layer 42 may conprise n-GaN or n-Al xGal XN, .
10Wherenn (OFhs gubstrate AAdmay algepesd taivpp Rredetablyewith a carrier
- .concentration between about 4x1016 and about 5x1016 cm
cogeentigtigp greates Smadpnt 254 Os B ol | ect or | ayer 40 may
optionally be forned between the collector |ayer 42
i Arfy 3 rloy Ii e Ay b
A e RN if Rficd Bt LRHARIL MBSPICUIRL® 2R bean
n-Bpoayes &f Aldn,GaxanM, evhereitlopes EN, Okhe + 3 K Glunds s thitkness
t he subcol l ector layer 40 nmay be between about 0.2 and
+ betwegn 0 nigr e 009 Finpak meeh PEEGaRly Dehkern2t0 aniSopm. The
A= nhier 2Nt hon._gr rgt b .
oo BEFis il ORFRE Tl ac&?‘éﬁsxga WBReR ey ol end is
.G . ‘ L 16 -3
R il Bl b MAALRT o BRE 1 o
layer 40 is to inprove the performance of the ohmc
Insarlecahbeiiment, a aobendlecho? layed 40i may bptiaatly beoformed between the
em -insulatin ubstrate, to provide an ohm.c cqntact .
coflgetprdaes | o abd thy éy‘te$t¥at%19a§ fenlpey whey §“€%¥aﬁ%ggoﬁ setni-
in§ 0 BRCLR BN tPag TS BRSGS WEhcalbhBY aS QRGN o he
thikkMess_ofl theWnftRoBedidt GBS ALY Weekketwddh ABMRNGI21QR05 m, or
rim or nore preferably between 50 and 200 nm The
prifesably dyeveed Aboutaly ad Aprm sedphaGhbl e pedtienicoficeatration greater
carrier copcenfration above about 2x1018 cm 3. The
thimgkout 2xéd 4m naypubtdlEctoe contacte §2f whivhG@ady, baphmi are formed

tact th_th I t I , to All 1 | t
o RS e Sl kb B i L R AP e
40Ns 168 Tripdoh ¥ Bl Yper RriRad¥e GTltho Wi NuBdHlREL AL dt4&R STBMA DR the case
deposited on the top surface of the base | aYler 44, An

ofgrrentidnsulatipgrsubigratss td proyids agrohiie contad to theaolldefor fpier.
emtter layer 46 may conprise n-type Al xIlnyGl x_yN,
i < \V + . ith i .
AR B § Endeabrsbyad el - Tho il gl iR ssc
p-&pRt Algk, GDOMN, Ntidrein l0et Wepr KO ardr 3601, nith Thiickddst between

|'ayer 46 has a w der bandgap than_ the base | ayer 46
104mn26pd 4/008 192 Dt POTEL mgi@@m%'dasi%@ SQand 3Ypn@al The base dayer 44

emtter |ayer 46 conprjises n-AlGal N, erein 0.31’13 € -3
mgy omprisssp” 4N AeRFdOWItH GRS PRORIEHPR agpve about 2xI0°Tm .
ORGP i D180 o G MO i
lagéradedAf,Gam - wikk Gak XN03ninedr the top surface of the base layer 44.
. Alternatively, a p-Al;Ga;_.N/GaN superlattice may be deposifed on the top surface of

the base layer 44.

An emitter layer 46 is formed on the base layer 44. The emitter layer 46 may
comprise n-type Al,In,Ga; ., N, wherein 0 <x, y<1,0<x + y <1, with a thickness
between 0.5 nm and 1000 nm in one embodiment, and in another embodiment

between 50 and 300 nm. The emitter layer 46 has a wider bandgap than the base layer
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0.05, at the contact to the base layer 44 to n-GaN
near the top surface of the emtter |ayer 46. A cap
woaymroe@3i s formed on the emtter |ayer 46. TReTAap003/041255
| ayer 48 nmay conprise n+t- GaN, with a thickness of
about 100 nmand a carrier concentration greater than
about 2x 1018 cm 3. The layers are etched to, expose
A nd ypigshly.| thy emither layeg 46icomprisepr-dFngN, odlerei 0db < x < 0.25
ntact s desired, a deeper via is eiscched to expose
a?‘ﬁglaéhhﬁfc ¢ned 3idr a|casr@f ca@centremn 8cdP, Base n gpg embodiment,

d 5 f
oS BR r Fofr gy FE i ondioRif, POEE By e ot x
~03, ta?ﬂle%ﬁfa@f:l‘b tﬁ@bhs% IQ}%& Qgitb QUGN nEARNOTo gﬁ?fac&@ﬂ e emitter
layér 48, and the base contact 54 is deposited

layex46.| ayer 44 after etching to expose the latter. In

one enbodi ment a collector contact 52 is deposited on

the . subcol |l ector |ayer 40, as described above. In
AR 4811 Sunee on, the paithullayecdf Thalsap faeedd ay coppeise n'-

G’M\]t gl,lfﬁ acfgﬁcrldlg (ﬁ%ﬂ @”fdo%h %Hd? g%k? rco%%%gt?c? O teat%%( &ﬁ% about

or contac

29196}& ol f ’Pﬁ@la?férst A?@ eRHUBS TS Bl fosd Che Q%Q%etr %4: {/}%é 1td§ ‘t’dp‘;ﬁcmg

structure. Suitable conpositions for t
cabiciacoutactan desreds 4 deepenvit dcttshddrolenpese tHe sublcoiTéctdklayer 40.
Ti/A /N /Au, and Ti/A /Pt/Au stacks, wherein each

I t of the.stack is et n aho 10. and, ahqut 500
it Bosd 1B, a2 S S AL I ol r
pRYEESIY hhGO metdNes %{ta&é/ apR¢ athitRp coMhctBoNe rdefx?s‘ft@@ ol l%gﬁ of the

In one enbodinent, the first Ti |layer is between

camlgyaota and Hiedlese méaw%llw@osm qiethe bBee lapier B0gtanetching to

t e betmeen 3
}%%sg kthe %;igr Ihlglr ()S;ﬁéc oﬁr%'gg(i {1}6 Stlor Cﬂlétafjt ?%/ %quﬁtg@logl the
sbcohéast Ry61040,h&s Pescibel b@mr sln histhétdembbdiMent2 itk bulk GaN
Pt/ Au stacks, wherein the first layer is bet wee

suhistratie 19 0-type) vel00a nmiancbrtchﬂralt\mnl ayaer thsn beduweeno &hol,ltand a

100 t hi.c Fol ng t he positions the
cQ{eelsR EpEcs D Brlsoatit onghe bick SREER 4f TS BUEAT coste the
dSRE: &rRRfe 950 C in one enbodlnent and between about
750 and 870 Cin a second enbodinent, in order to
achi eve an ohmc contact. 47 WD 2004/061923 '
W@WQJSZ@MSUMQSQH e rremoleoneﬂlecéﬁhm\ﬂed ampitgy  eBTactayinclude

A B R R R T e

bet@es@ abdutgl)r end’ abdut BHOr ah @BicRNAD ﬁépcﬁ{mﬁdﬂs RHevedB9 dectron
the device is a BJT. The BJT device of Fi gure 7 is

begnPYageration: thermpevapratinty gF ether tephaiqBesT ktangomirodimeny, the
fifbt i Weﬂé §Cween 10 and 30 nm thick, the Al layer between 50 and 300 nm
thick, and the outermost layers between 30 and 70 nm thick. Examplary compositions
for the p-type contacts (contacts to the p-type layers) include Ni/Au and Pt/Au stécks,
wherein the first layer is between about 20 and 200 nm and the Au layer is between
about 100 and 1000 nm thick. Following the depositions the structure is ahnealed, at

a temperature between about 500 °C and 950 °C in one embodiment, and between

about 750 and 870° C in a second embodiment, in order to achieve an ohmic contact.
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version of the HBT, in which unalloyed GaN conpri ses

all the sem conductor |ayers. Thus, the BJT device of
woi2emre1923i s t he same as the device of Figure @CTANC®PO41255

that wunalloyed GaN is substituted for alloyed GaN,

| ayers. Figure 8 illustrates another enbodi ment, where

ASSEHLE B, BB BEblb Py Py BEg b Yoo ayers of

tHeWapHET &ithGheBXyhElafert ¥Pfhe n ghIHB’P en®yRedERBNt Wi th a
carrier |level greater than about 2x1018 cm 3. A

,\/olta%‘ljl bl ocki ng Ia{qer 70 is formed on the _substrate
Figyre FR&siraics agethey aehadigentayberetbe dayice o Tsdhe BIT device

PR S TSR § et DS e
vﬁﬂfbﬁdjf nisnHB Ta ictwhizhwaehoyed GaNl ca@Prisesiail thasenhtvenductor layers.

nbodi The vol tage bl ocking | ayer 70 as greater
Thv, dhen 1L dpwewﬁgﬁwe% éfawqa@e pofhe Ui BB teg cept that

ﬁ%@g&@@aﬁ& s&%ﬂﬁﬁ&i fo"f‘tall&%d'(ﬁ‘a}ﬁ &40 tage bl ocki ng

ept at a vel, for exanple bel ow
5x1016 cm 3 and i n anot her errbodl rrent bel ow 1015 cm
Figurerd ilbustraties amtther anitedBoénds whre tlerddviceds agiepbitgisreatifier. The

S Tt ey ooy Sasesic VP ThE g ¥ sttt R be e type,

PG EabobhgE v ALSREOIRA SR Wl ¥t 3050586 Dvoltage

guar rngs ore

bl@bﬁﬁg Nayer 70iie f(ﬂ‘m‘éﬂ @nthe gutﬁ;traﬁehl@ baus Gi'arta/geﬂﬁlo&lhﬁg layer 70 may
subsequently formed oxide and contact and to increase

crhpriss wrdops M@Im%ec. Nphehergina® m fgs 170 amel i pinetli oxith a

iR e o, L and GG B iRt dimerto . ppess S i 20 fim i

aﬂ—(ﬁﬁer' éi’lﬁ’lﬁ)dﬁlﬁént' nﬁe%ﬂa?@bf&hn@@a}w 70had Breat @ thRYALER f6r higher
he carrier |evel region of thé rings in one

bl@ﬁb@él‘rﬁéﬁﬁge irsqugreszentsr - fThe rcagrips ron@satGign om tBe vAltage blocking
insulator layer 76 is formed on the vol tage b ocking
laygs, &0 may., berh@tuaﬁgdpmléveu féiy@mme enl%@}ow SodPr i s, ambrn another

| east @ene of S O c203,
@gﬁglenéhgow& CMyh e%-léerstatwg '\éwﬁgyéﬁ‘alf@ Fmplays p-type.
GiaR @bEtd; aﬁ‘@étt el.agent such as Gd. The insul ator
aayeP 7(§§cov }iébe ﬁegﬁard rings 72, but not the
junction barrier control rings. 74. 48 WO 2004/061923
OpGumnalls2 8 68 @4 2581d rngscl angdubdtvakianger captel dugst Hotre §grmed

and sypstrate.canta ar ned, respect I on .
of e VIRRRABFIbaRIRT 0 ol BRES f ot et Fo YeapB¥ electric
fidlaecrswhils Atiee bOuHdas! oftle Isﬁbséq&ent@rmﬁﬂemﬁﬁelaﬁd @Bntact and to

n type contact (contacting an n- tgpe | ayer) and may

neeepe theeblacking yokagse Bie guaydrings wnésu@twn/bmencpmol rings

71 'n{z@l l!e'\flonﬁ\yd of the \'f(!lf%é gfocﬁﬂg%y%‘f l"7’0 b%Sﬁ %hﬂlantatlon for example.

The ions for implanting may be Mg or Zn, for example. The carrier level in the

region of the rings in one embodiment is greater than about 2><1O17 cm-s. An insulator
layer 76 is formed on the voltage blocking layer 70. The insulator layer 76 may
comprise, for example, at least one of SiO», S.iNx,‘Sczog,, MgO, GapO3, and RpOs3,

where x is between 0 and 1.4 and R is a rare-earth element such as Gd. The insulator

layer‘76 covers the guard rings 72, but not the junction barrier control rings 74.
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each | ayer is between about 10 and about 500 rim

thick. The deposition' of the substrate contact 60
woOma/dee2achi eved, for exanple, by el ectron beaar/us2003/041255

evaporation, thernmal evaporation, or other

techni ques. In one enbodinent, the first Ti layer is

bet ween 10 and 30 nmthick, t he Al | ayer between 50
Aqrpitage §lackinet IRy coniagtisq prd substratepostect 6 aresforned respectively
o S0 R LR 20 e Lo LY e AR on

emhmdmieﬁ'd isadn A-tymanpartad u (c@ntabﬁﬁgvaﬁ m-8pe l]ztye'fbpéhcﬁnﬁy Goftipise a
tvveen about 750 and 870 C in '

SR DS THAY By i T SE AP ooicT AV BN giack, Wherein
edANL9&! is @i%élplaﬁoﬁomjgﬁ%ta'beﬁlf'a%(g 5151{ &lﬁtl}’ ’ft?egﬁ‘ap/o ition of the

bl ocki ng [ ayer contact 8
subistrate ®htack 60 mﬁbebelanhlbmﬂ ffor stanhply,eby sbectrsﬁ &Eﬁ)l evaporatlon

bet ween about 20 nd 2 nm and the, A
SE e ePaHBoR Foolenis Stbes Ty B RMbog 1F1§’P¥ tthe fi figg) Tiglgeer is

béteeril 0 hndae hmC #dka ke 39 lhy%rfb‘éfv[’@eﬂ 50 bLAE 306\int ?hlck and the

structure i s not anneal ed at igh tenperature,
oytgropest yarsSd itas ctdn;actéelbemeenaaau@ﬂ@mrsﬂnoks Fi gur e 9
illustrates another enbodi nent of the invention, where

. I ce | f The devi truct
Félib%ir ﬁg\ﬁlle 8epo§1t1§8 tolf fﬂ?‘ee?oné? E g{hp étrgctuge @Iaﬁpffaieds g ’Eeﬁgmprature
b@f)veéﬂ’@oou&jmt’(@ laid 086 PCf"nh Bhe ehb&dlﬂlkéﬁ@ b&vﬁéeﬁ &h&&80 and 870° C
above. Ogtlonally, the p-i-n rectifier of Figure 9
ingnether pmbodiment imprder foraghieyn an hbmiméansage bl ocki ng
| ayer 70 and an |nsulat|ng | ayer anal ogous to those

orned. di r ctly ,on..
S}t G BoionkPRE DAL o p ol e gl
Niray andrimirAs et,acltso memmeeﬁrspt&ams) 1s(5|i’@ &@hé@pabduaye fand 200
90 rra hav a thi ckness, for exa of between about
) pdl 8 Ay faysT isPetvesh @baolid nE)OOOaml thigkne Afterthsuvoltage

bl%glgn %ﬂtacggg i3 %h‘ge@rtﬁé RRUice. es%g&tﬁy ot gﬂnealed at high

cont ayer vé a carrier concen
glpeaatlafc, sohwrio remm&chdudd;mmmt&ra@eﬁMcQOOM 061923
PCT/ US2003/ 041255 The p-i-n rectifier of Figure 9

al so, I cudes sub tec act 60 in.a simlar . .
rigiry DRSS indn et infuiatghy Sventom iy 4 @ pn

rebtifistP erheQRVRE strudtife dPthe P-ilnSebiifidrIt Fafure 5'19 kﬁ'irﬁla? t@{hﬁpof the
i ncl udes an ohm c contact |ayer contact .

S@@ﬁﬁb geetifipn soff Bigureh8 desenitedt aloager Opbﬂmaébft ﬂw pran: réodidier of

N| / A .and ere t
Flfgﬂ Irst lgg%}?“‘t S SR NS o PE} Olé%)geﬂﬁa&é%w Z‘ﬂ antlﬁ%lf}&tilaﬁng
laya‘yﬁ’faldg@ube@ wese 1~’ﬁb101gt1r61@0 @dtttact AREr YD {shickded directly on the
Fol | % g the depositions of the
voltage lockmg layer 70. The contact layer 90 may comprise, for example, p-GaN.
" The contact layer 90 may have a thickness, for example, of between about 100 and
1000 nm in one embodiment, and between about 300 and about 700 nm in another

. embodiment. The contact layer 90 may have a carrier concentration greater than

about2><10 cm.
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substrate contact 60 and the contact |ayer contact 92,

the structure is annealed at a tenperature between
wahoutosH20 C and 950 C, or preferably between abows2003041255

and 870 C, in order to achieve ohm c contacts. Figure

10 iIIustrates another enbodi nent of the invention

T ROBR i O AT S AR RS BRI GERA (5 Fvimgar fshion
toPiB (Ve chrrﬁ%arér@twmeh B bs Iarmi-ry@b tc)SntaEtab'I\hS @J-r-ﬁ) Re@fier of
only the nf configuration w1l be described. in

Fl@ﬂm& 4lsioine Wdamn elanicoontatt layer qonta(:ﬁ)% configuration is
directly anal ogous. The pnp(P)n configuration may be

S&l&%fgegoﬁogﬁ %%tfo{ He' & tacg }ge% %ﬁgc %{rﬁgude f(grhexaample Ni/Au

corresp ng n

arioPy A @ bt éltsi Oﬁheﬁ:ﬂdth‘él st l‘d?érﬁélbethBﬁ abdWtrI0sdndr200f norad i Au
10 i ncludes a GaN substrate he GaN substrate 10

Lty Stetwebngbauhg 0P 0 pOOun Hhisks eBolisnriog e drageiians of the
suﬁogt‘?é’[e chéﬁ c? 'Ehena:)ﬁt ¢ 1;5#& 3681%?0%% dﬁ% @Q{Jnéfgre\’\f'& alﬁn@aled at a

carrier reat er abo

tenr@kiatge bbﬂ\&%ﬁlaﬁ@uﬂ SPeIC P93 CE,airPRereR¥BS bdth@en about 750 and
substrate 10. The vol t age blocklng | ayer 102 may be

8 (el oysletita aphisve ohmig odntaetal ~ yN, wherein 0 <_ x,

y<_ 1, 0< x +vy 1, with a thickness between 1 and’

enbadi nent in .
T R R R T P A R
thgrigiat. elTh%th?ﬁﬁSls 8an berfabi@tar irbb@itdsi D apN@)p a@@figuration, or a -
requi renents. The carrier concentration in the voltage

prp(RkkGongenmiien. Fopsimplisitaf abreation|adynly te norfipl eonfiguration

wﬁ?%%"&ﬁe?@fﬁ%@ ifiRetati dfa'bﬁc%ﬂ)?lt {he }gﬁﬁﬁ% EOnﬂﬁ%&aQWn 191d§rectly

e case re substrate 1
armbygous. NSIHeapnp(B)n aoiffigusdtiodomed Heaftemed O sobgtituging the p-type
ignally forned bet en th sub trate 10 and the
1ar§r A GIsERTEPa Hpee e Tass of theaiPnpiperon Hewation anrbyicq peysa.
may be a n doped GaN | ayer deposrted on the substrate

THOhyMbtbAof FQuNQ 0%9965&6‘1]@313 sgg{akésl?(p OBkOG 3 §§bst1%te 10 may be

t hi ckness bétween about 0.2 and 5 min one errbo I ment

seRfidnfdtingewith b&blélstikll@rgi‘eaté?r thgiM 0 rnamotda RhayeHEe ferably ‘
and a carrier concentration greater t’han about x1018

withna Sarrief ldvhegbatekthGabbauwlRsio atm 10 i s sem -i nsul ati ng,
doped | ayer contacts 112 are rrade on the top surface

ARy ockiBe JO68 05 i J5rey VeH B S GRsraghe A Do e blocking
la %}?(ﬁ E &l uﬁéop%{i‘?&g@?gfgﬂﬁ(}tao thewhérléﬁn (? S 2 <11? 0<x+y

e case o sem -9 Asul&ti hg su
< pJ @ith d@hizRnese bewideh dadnd 300NinA6d one embodiment, and between 50 and

200 pm in another embodiment. The voltage blocking layer 102 has greater thickness

for higher blocking voltage requirements.  The carrier concentration in the voltage
blocking layer 102 is preferably low, for example below 5%10' cm” and in another

example, below 10?5 cm”.

In the case where substrate 10 is semi-insulating, a first doped layer 100 may be

optionally formed between the substrate 10 and the voltage blocking layer 102. The
first doped layer 100 may be a n doped GaN layer deposited on the‘subétrate 10, with
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A second doped | ayer 104 is fornmed on the voltage
bl ocki ng | ayer 102. The second doped |ayer 104 nmay
woamwocsr3 for exanple, n-type A ,,InGal x__N, ROBUSRV3/041255
O<_x, v 1, 0 < x +y <1 wth a thickness between
100 nm and 3000 nmin one enbodi nent, and between 500
and 700 nmin anot her enbodi nent. The second doped
althiglspess batwegnpboii e andcpim isrone smbedinment,i and befwesnabout 1 and
2x 101 7 cm 3. The second doped' |ayer 104 nmay, -
2cimpn anether emkodioynd,wd| 4 Garrigr ponsexicaiionygueatanthan about 2x10"

d ted t face
e LoBemulGaRa rubsiais 18 on se-iaaiag dopRb BIFS HBAGRA12 are

ORI A 0SS NS g v

bemsadd t@ ilmprave ehe pedfomeace adfi tha @matoentabhaﬁtl&bomtttacts to the
1018.cm 3 .. ped | ayer contacts vol

sEpsela h@ ap‘gy‘ért & GRta! ésa%lnénlaﬁa%.au shyter 1@ Bifvad an glegrical

cBht@cif ormed on respectively the first doped |ayer 100,

second doped layer 104 and cap layer 106. The layers

may be etched as appropriate to expose the appropriate

A agrend dopedblayerorfdcisrioaned an thenepitape blmbmgulam 168. ﬂfm second

B3 Bt Soatmop ol Sty PR, Whetein b L5, 5 <
RO Ra 2 Sara Y iRl SRRl Ul e %9?%%530 i erbogimen,

ald betwdeh /580 aatl Rsym ivenether eabdiisieatc KThayeeond doped layer 104

bet ween about 10 and- about 500 rj,m thick, and
mpypowE ta @ivierespnpentratipn of eblmmleﬂechmu q"lu“hs sécondudoped talrer 104

art |nclud| el ectron bea vaparation, therm
AYARSARISP JrOR Sy RERIY dch %}l%ﬁ I ghiterlaitiss dvayehy deposited
o'hnﬁe {o'prsﬁffaélé' of{tﬁé/%cohéd%%dvl’?é% and 30 nmthick, the

| ayer. between 50 an m t h| ck, and the
outernDst | ayers 51 WD 2004/061923 PCT/U82003/041255
/’be@m@e/nr 8@ an@rmed emthésedond Swpedibiyer ¢ohpdbe icap tayet A6 may
t he M_pe contacts (contacts on p-type Iéa/ers)
CPW@rlﬁﬁjep Ny aé dopy /hRye st dbieknesinel abeutt ARO fim sand a carrier

r of the stack ween about 20 and 200 nm and
CPﬂ%nﬁﬁtl?%?é?teT a‘&é‘?%&éﬁ?gb&m ©100 and 1000 nm t hi ck.

Foll ow ng the depositions the structure is anneal ed,

Dﬂpe@ léy%{r@%tﬁétb‘ €2 bRjIMee 'Blocﬁﬁ%%tye’?%n&cﬂ nlq 4920 cgp lfﬁ’%er contact

preferably between abéut 750 and 870 C, in ord
146 hrecipsmeth o cespestivatt theflivst doped tayat 5, stayd rdoped-layair Bt and

BN 18R Vit BV G oo B oS0 s EPRSRERT JbrepPhsn (€ appropriate
1Yt~ ERsb@fonVbfthet S 10 Ml BE depdsitd@ vh RSkt sirBedat iBe substrate

10, for example, if the bulk GaN substrate 10 is n™-type.

Suitable compositions for the n-type contacts (contacts on n-type layers) include
Ti/Al/Ti/Au, Ti/Al/Ni/Au, and Ti/Al/Pt/Au stacks, wherein each stack layer is
between about 10 and about 500 nm thick, and deposition may be achieved by
techniques known in the art including electron beam evaporation, thermal
evaporation, or other techniques. In one embodiment, the first Ti layer is between 10

and 30 nm thick, the Al layer between 50 and 300 nm thick, and the outermost layers
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oxi de, and M SFET for devices with a gate insulating
| ayer). Figure 11 illustrates a UMOSFET / UM SFET,
wohodsmeBizgure 12 illustrates a DMOSFET / DM SFBTT/USb®3/041255
"U'" in UMOSFET or UM SFET refers to the shape of the
trench structure where the gate is |located. The "D'
i n DMOSFET or DM SFET refers to the diffusion or
be3vssn O anehyOme drcl a§eitable pompesitians dert the @-typs conmsss fntacts

PSR PR BEN , A G SR TPy ot

id Isetoreereationdt 20 uad 20E &l ahdtthe Audhydriiebetwlest BBdE 100 ah@@000 nm
The descri ptions of UMOSFETs and

%Lﬁéﬁéwst r Eé\,%gl?rﬂ(;g}% t}l*F‘pﬁnicfl‘Hé ig ppncaledy alsa temperature between
|
DOSSS?%%:S rtgj%dr flé’lig gal q ?g%{\{]e‘éﬁb&gﬁé@ %‘}da%fdzu? inopder to

- atiievedshniic @ofitacts Yistehe aorftadylsehst rate  10. The GaN
substrate 10 may be n-type, for exanple. A voltage
blocklyg ayer 120 is fornmed over the substrate 10

Figngesmby a9d, 13 dHustatsnpye other: gpodiments o0fc ther jngention where the
dE\ﬂ@é‘seeﬁlE 'bgfvbloﬁkl:rﬁgal fi\@@gFEiié r BASE E";l;? (IQPSFIE’I%p dmé%dvalﬁbg gate

vol t age l'ayer or “exanpl e
ozidd, aelyMASHET dort deivides @BEh a fgatre 1ﬁsm¢’[migelaye:rj figmad €1 illusddates a

ORIt BB P et e,

“ghah OO BEE lor 1A ISTBYT Ps%rs ft(9 Ehe%%ﬂ@h?the Qreggr? ?t%hc,rg?re here the

carrier concentration of about 2x1

g{!iﬂtwb@at@d}aiﬁmem 1iay[BVIOSFE TharyDMESFED refax amrﬂiee:hffﬁ:‘abh oﬁnln:hbly- ,

a t knes ss: 119 ween abou
AR S st SRS ThEM G rssen Vb o gimitr
uDMpeEra’didif-‘topa lat@el MOSTEl MEVERT dévice, D€ thl MRSt RQMHsChrected
| ayer 124 may be, for exanple, GaN.~ 52 WO 2004/061923

VP@W%SZ@OB&@AI&QE?@SWQ rienéh mecaiestmc@hed i The destripgiges of

y e nnel Ia er
Uﬁ{l?%%?%oab?cé ayer SE%%BV 1& Y PBi OF%‘%\HSF‘? g‘f’t fipglogous
dgdte Wiﬁsplh[ﬁitﬂfctlﬁ:é’sﬁaraﬁﬁolpeésﬂble.gat}e 128. The trench may

be formed by plasma etching, for exanple. After the

t ich i tch th t | at 126
Rl opn fn e MR g £ e dfitonchses aiss pistrate
d
lg?glzlé’ Galg]iéﬁbs@d%@@lnﬁr ‘t%rh %e g)r %g%g?l@ﬁ{rf%l a%@iﬁsocgﬂl% 18er 120

isr formed ayvieh tad @nlmhttates ih& handsm@i beSufot akdrepleonpigsd Withns carrier
for a non-oxide gate insulator, 126 include ALN, Si Nx,
ceprgntrationnf, abprebel & fos5pkd wewr?. 0 Thmyoltage. blatkangriayat 120 may

b(g;%le e%?plE,SGhG,e{hdd mg}(f) %E\t/eeg tllllgkness, I]E‘c‘air example, of greater than about
400 nm. '

A p-type channel layer 122 is formed over the voltage Blocking layer 120. The p-type

channel layer 122 may be, for example, p-doped to a carrier concentration of about

17 -3
2x10 cm . The p-type channel layer 122 may be, for example, GaN, and may have

a thickness, for example, of between about 100 and 200 nm.

A n-type source layer 124 is formed over the p-type channel layer 122. The n-type‘

source layer 124 may be; for example, GaN.
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trench on the gate insulator 126, then overcoated wth

oxi de or non-oxide insulating naterial to form sone
wohoddve1gat e i nsul ator 126 over the netal gaterPd28S2003/041255

except above one or nore points (not shown) where

electrical contacts are made to the netal gate 128. A

our t .1 n .f.or r the .n-t
AJGHR B e g 40 ek 0ot IRy BARpp® e 122 and
n e drce Nayieh @2 &Ko fd 6en Afon O ehesgilsins@lr 196 and metal gate-
ui t abl e conpositions for contacts 130 and 132 i ncl ude
1218 /me/mqnphmarrqe/fmmw byplasma aighing/ far erample. st acks,
wherei n each stack | ayer is between about 10 and about
Aftgpwer%f@nhﬁ‘hscé‘t ﬁaﬂi* %Pfh% C%a'té)ﬁllsgﬁto?q% &/ Fo‘?m@%f i ﬁl%"i’ﬂsnch The
ec ues |nc evapor a
gdtﬁ ﬁ’fs?’ﬁ&oraﬁé pmtaﬁal oy b forteliemplek an otide 9011&1 an Imisﬂmieto,f SiOs,
the first Ti is between 10 and 30 nm
Seals, MEO: CGayley aB%Bm%erWhﬁoe Riitia Soereph elgmert sug aS%ﬁ

outernost | ayers between 30 and 70 nmthick. Follow ng
t th t { N d t .
SYERE R baE: e nabatieohie i Agss® Firufleal, sy, and
Pﬁb OFhdFE M is heRPLHES Qn@qqu%ﬁxzﬁlqetgln%atg 198 id heft gg§fed into the

nBodi ment, 1n order to achi eve cont act
trérh;a cm)thhgate Inayletos .126) dem evdZoatkd mﬁwmﬁsomcﬂwﬁﬁﬁETnsulatmg

devi tructur The FET is similar to
R O SRR (e e QI I2( b e ToRaLate Likexigphgbove
o@&ﬁn&?@pcﬁﬁﬁ L sﬂo%ﬁ'%efé“ele&mt:il%ﬁﬁctsbéﬂé nPMEto tt}themetall gate
p-type layer 122 and n-type layer 124. Furthernore,
1281 eA ONBBRETtageVBEés then doimedeyver He pipgpeutcayayer 122, whlle a

b%?oala ﬁ?q%g‘iggégf‘r 1 4@ q?&%b&ggﬁgrgiqe\p t}éelrsglgtstPagﬁYﬁ’l t age

~inplantation, diffusion doping, or, alternatively,
s&l@d}ﬂ@wmfo@élh@yseﬂ)r ynBkahi J00andaet fhane TERI/TaAY, THAD/Ni/Au,
pl anarization. 53 WD 2004/ 061923 PCT/ US2003/ 041255
andth/AEPm@swEks,tW@r@ateéCh Bach Lever istevesichbont [ rand pbout 500
1 r
mI%atIh?ck %%&ﬂgé]o&h%ntmgda%hig%gdb ?{Progzﬁtt%}fﬂ%gl {ng a? %Ik%ﬁlm beam
esapuratien, thedndl M@ptghtmﬁ;l and e 11122 anshetdnsboditaert) thalﬂr;lt Ti layer
t.hrough_ vo e bl qcki g | ayer 120 to bottom contact
isppvedbolO g A0 R TORGHREAL SksT bR eoROBEER, S Bickagd the
olbRGk Fhsje}sawéﬁ»ee% AR el Ehibl. OF&lmn%metc@gssﬁ&%%e structure
nor mal conditions. This wvertic I ce
1ssaﬂnua:1bd1,r & tepgtelatutecheed ednsafoud 500 HE aad $60/E i bna etmbodiment,
of f set and volta% drop at the g&i/substrate ) .
betiyeer rhew B0 fnk SiHd o érp|afl<atiaprapmb meat, gprqyderytogachieve ohmic
c@%g@??f ‘?heté)ngactpx Ler oepi taxial structure. In addition,

e reduce catlon density in the

Figure 12 illustrates a DMOSFET device structure. The DMOSFET is similar to the
UMOSFET, however, the gate insulator 126 and the metal gate 128 are not formed in
a trench, but over the p-type layer 122 and n-type layer 124. Furthermore, in the
DMOSFET device structure, the p-type layer 122 and n-type layer 124 may be formed
in the voltage blocking layer 120 using selective area ion implantation, diffusion
doping, or, alternatively, epitaxy followed by etching, additional epitaxy, and re-

planarization.
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honoepi taxi ally grown vol tage bl ocking | ayer 120, and

resulting longer carrier lifetinme gives rise to a
woanekosi928i ty nodul ati on of the voltage bl ocki RgT/UBY®B/041255

which wll |ower the overall power |oss of the

device. Figure 13 iIIustrates another enbodi ment of

the .| j re the vice.jS a | at
il DUCRBELT e R Rshgr (20067 hSasf® B s 2530 Bofiipee the
péifibn e tﬁe&‘&fahﬁ@tl@y%r 12D Wwidthee date; PEhrréit mﬁvsﬂﬁtefhllgr fié source
configuration, but for sinplicity will onl

1%6@¢m@eehanmi Het and thes qugllm-tbmugh;a@}tﬁ gluoglnngflaxehewo to

Ry

bleekifg laykh %up?@{safheocﬂodﬁﬂg voRbyd Gader Qﬂ)n@tﬁlly € pentions. This
IGBT is simlar to that of the power |ateral DMOSFET

- Vestical device piseripreeeatiytbeppiefs ffr@nt‘@le apsenep et pbord offseband voltage
dﬁ%ﬁ%g}%o?ylg&r}%t ?g{ﬁttreft% f tﬁ | Veﬁgﬁtaxﬁﬂ BQ\?i'cé %ﬂ@%&fhfnﬁa}eg to a

haem)e}e&xmlt htrucmurp i -In Jadkhﬁbm othediredleed u@;blobtitatn tdessity in the
devi ce only conduct current in one directi in. -
harpeensignish Y| 2RV Neltaggeklogkinet layer 42 emdyresuligng Jopger carrier

hfétl Vé’solgéea%e %ﬂ%%léhg%eavﬁ{ atidf Of tﬁ ok e cg(gig ager which

. strate , y dope p-t pe yer
wilh]:bvsfeo thesberall peawat lovs @ff thehievideocki ng | ayer 140, a
lightly doped p- type base | ayer 144 fornmed in and

OV e ld'it lé%f%gsc kl %g{imie“r bf @%gn\gq\{? erJiJ] tv&gffh ﬁFYl&e}S a power
Int&ﬁtd‘dcméte Bipdlad ttentlstgh Lot 0aBd). IOThM PEWRARSBT d¥ebe Eficated

A gate, |n§ulat|ng layer 148 is formed over the doped
in & r nap-pard a-bp senfiduaihs, butfer sinpligity will saly be described

a Mt ng a 152 is for
i doRL e e SR EEPh O e b e R OTRAM Gl vyt o
dd)}ﬁedﬂ@ydiséﬁemg stibitiited €srsedspedelapdrs bhe vivebaidaat heldperatiog and
substrate may be doped_GaN. The vol tage bl ockin é%
fqbay@ronlczfah%fgxwﬁéq%%ﬁgaﬂarea that phthegiosiiep laseral PMOFFET of the

o0 R SAE A0 B B RPN S ol o he

oppustt& pelasityod the b]atbng tdyvan eﬂhcmﬂelﬁﬁﬁkmgla DNO STV in Sﬁnes with
daoped e bas er 142 . for exanpl e,

2 Giiihugtt b%%@ﬂ@e &5 éltart hedaviss o %ﬂndéﬁtl%lifgn% ogle d&ﬁetwn
with a thickness of between about 100 and 200 nm The

Thé 9('3“1&)’1(}19]3%11{21'65 M@)etypé‘&ﬁ)strlat%)ﬁ@r arlﬂ‘t%/ﬂi@;n B ﬁbR:fckmg layer 140

exarrp Opl ng concentra about
fozm@pn tbmpaypm slubstrat@ 18, aHicakihe depadf p-hevien layign 142 ﬁt:rmed in

0. nm Th t
BlSv R PR EToR BTN Ehed itvad P 1rer 48 formedn and
0\1&1'183 Blﬁblan @d%@r W0, ind @védthe kRS dped pltvRehasaiiet 188 and an
and 100 m. at e insulator 148 materi aI may be
. n- type emitter 146 formed in the hghtly doped p-type base layer 144] A gate
insulating layer 148-is formed over the doped layer and partially surrounds a metal
gate 150. Finally an emitter contact 152 is formed over and contacting the emitter

146, and a bottom contact 154 is formed on the reverse side of the substrate 10.

The substrate may be p-doped GaN. The voltage blocking layer 140 may be n-doped

16 16 -3
GaN, for example, with a doping concentration of about 1x10 to 5x10 cm , and
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for exanple, an oxide such as at. |east one of SiO02,

Sc203, MgO, 203, and R203, where Ris. a rare-earth
wehemmaio2such as Gd. Suitabl e conpositions forPar/us2003/041255

non- oxi de gate insulator 148 include ALN, Si Nx, and

Si 3M, mhere X is between 0 and 1.4. The netal gate

150 ma for exanple, M. Suitable conpositions for
viither Wi ?@rof &f@q#@ratéaﬂn At R0 mgye The/WYlm floned p-type base layer

/AI/N| Au, and Ti /Al /Pt/Au stacks in eachis

1%{%9@2/ b qrﬁéa@Plgcﬁa SVilfef dering a%q?pfr&f@) %ﬁabsab%%l%o@n and

Wil 4 ﬁ‘h%’essagflbﬂer rra b&RN 0D Sind B Y S i e@ﬂ?f 0%85] a)qg/ggnbase

evaporati on evaporation, or ot h

ldyer 18NR1a9 BROML Bﬁzﬂﬁ%let aeN fv*zlfhsi daihné @Mﬁ:’énﬂrﬁlc}he(;f‘%gﬁt ﬂﬁo” cm
and 30 nm thick | ayer i's ~between 50 and

* rndt Witk b, theledsher Bk @NabRlut 0y 8RS 208 e e Th3G-BpE eﬁﬁkter 146
nm thick. Suitable conpositions for the botto

negyreator ed&mipleNGhN deitiN ddpingochcBhttAlonsifabéug, 1x1 Etihel And with
t he flrs}blayer IS betmeen about 20 and 200 nm and t he

a dhyckngse et batwien ghowh S0 apd 100 nno The dategperlaar 143 wrterial may be,
%Mﬁ% UntPEIFGRAS 4t 90t sgggfgg%tsg{@% 3@@3@@ ednd RO

énperature between a 3 “one2 ¥

u@%ﬁé"’]@'l@a ife-RethVE@8ReR QUL as (RO %gabﬁmbngigdsﬂuﬁ‘l@ FHH8hon-oxide

exanple in order to achi-eve an ohm c contact
gaietlywéatelrri 48 cludgydN, 848, andeSiiN g wtheye © opleatwpent med 1.4. The
e Ia er 144 and the heavily doped p-type base
i) 1,450 3y B 1k cROERIIMAY SEDIA PrEDUH GRS, B the emitier

cblﬁHétal%QQ?élﬁﬁe Tl/%l/f'[ﬁ/ﬁéﬁl' A%H) Jran@" /Aﬂ liptﬁlp &5&1%@6 Wherein each

epi t axy by ef I ng a renc axi a
ldyet bf lti@p sthck ebétwenc hbowtnt) wed pbmnaiﬂOzmhl thitk, tnd deposition is
e base, layer 142 na

xa eavi |y doped y
SO sertnipaus et o e Ia%/a‘fteﬁ@%%&% Pf pher techniquies. In

oﬁ@%ﬁfb@&lﬁ{ent e Rt T RybR be@l\@é’éncﬁo %ﬁ{ %@trﬁﬁ thci\[hﬁle Al layer is
n-type vol tage bl ocking layer 1

bettiieek A€ 98d 3AA nirdthickn gn«t dmmrrrmsi kaylers I’matwaca r3|0ea$1d 70 nm thick.

SRR LB OSSO, SBH 2854 S50 b S BIS sars

wherdiit theSrkURYEH 18 Hetw@sbhl abou2Medd 260 hiO4Ad A8 AU BYES is between
conduct|V|té@of the bul k GaN substrate. In addifion,

alpqys 108 sn\d00Q pay thko Fpllpwing jbe dlepysitioneshe streatiure d¢lannealed, at

o bR PSRN bR SoB i Rad BT FE ih e Bpaholh S Briwpepnabout
780 MR8 T0° X ird é?lofhe? @k‘aﬁﬂﬁ& oY bild¥r Mﬂie% bR e}n‘a{c édﬁ%‘acgr ift

region which will |ower the overall power |oss of the
devi ce. Figure 14 illustrates anot her enbodi ment of

The e-typss emitico ;}ayev\ﬁhéé ghe hght&,ted@pﬁé p-typa bageolaper Merandahé heavily

ot e oer) gy be e ASed SECofie gt 6 sewlenigtion
difagph d&fing cdriratemativdie épia)(?@oﬁékb@d bat&chify aatrBRAY iepiaxial
filling of the trench, and re-planarization, for example. The heavily doped p-type base
layer 142 may be used to suppress latch-up of the parasitic thyristor inherent to the‘
device structure. The n-type voltage bloéking layer 140 will have a thickness and
doping concentration that varies according to the blocking voltage desired. Like the
DMOSFET and UMOSFET déscribed'above, this vertical device structure greatly
benefits from the higher conductivity of the bulk GaN substrate. In addition, the
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doped n-type source | ayer 164 formed over the bl ocking

| ayer 160, a p-type gate layer 162 fornmed in and over
woheodweorki ng | ayer 160. A source contact | ayePCt@B2003/041255

formed on the source |ayer 164. A gate contact | ayer

168 is fornmed on the gate layer 162. Finally, a drain

ont.act. 170 is, fa he rever 58 si de
refiie FalEHag SAPhan G PEEPASIEAIS: B AL laver, and
reﬁnﬁﬁgm é‘é} C¥rileS 110188 bRMs YRE ttd Gaddnduétl \@%1 thb&ul&EeH 6Lthe drift
| ayer 1 hr ough the bl ocking | ayer 160 t hrough

reswbsﬂndt Wﬂmwermesowmﬂ raaverdosg of ﬁmd@ulqey on device. It
is turned off by applying a negatlve bias to the pn

Fi unc A{A?l?lhs&g?e% V‘fn%fhe? %?nb%ﬁymgn‘% ok qg%é?}tilgﬂy Wh%relﬁl% ?Mce is a

frcirent reverse

pdvwhe vem@hlelﬂmn Thayeivee¥geod SFEEhnMudd@% BYpE @ﬁbdt@;eero 2Gightly
and pinches off the channel, preventing vertic

dapgd metrpe Volige bf?ﬁkén%lab’%}c@r formerhen &%n-aﬂoeasuwfqt% ao a heavily
AR MRLE1e, SRRl e BRI A0 40 3L B Bt e

162 foaned irharsl ®iter ﬂmtbloﬂaﬁgﬂalyatvh@a Aisgtrch Icmo:tk(ntrlgyerdbﬁ agformed
w_th Iom10n- state resistance

ony RieptorEe IR¥Gr O v ofe paach Soice d 68 R torareg %lﬁé%t%&gygr 162.
F1|ﬂé11%2 adt Siih CBhAS: %‘%E rﬂ%a ohqhd ﬁ%@@g@egw&fmﬁ&%@

y charge evi ce can esigned to
normal |y off by reducing the width of source |ayer 164
Int the lyettival JEESD stoxditwes Bleycutrent Bovwris éurcﬁed werticaltshfom the source

b depl et I
ity 4 HEREEF o bR ERlaRR- oL THEP L st T eprieEdiceyis o
ndrBRIGDN Eericet mﬁlsstﬁﬁﬁzﬂrcﬁf ‘b&/"@iﬂl)‘i&%ﬁ‘t&ﬁﬁﬁ/e@i% td & pn junction
volta%lé bl ocki ng | ayer 16 en tf%e GaN, for

batwaerpihe sovice tand gtspliayygs d 6heeh t1 2t With siifigisattevesse birsen the
pﬁ L ?&1‘8 2}8% d%et?%%@lgro%%pggd a@g\kzgﬁgg&ﬁcg iay%f ?@4 Ghd Hﬁ%ﬂes off

thexaiaphd, prevente Gafdcdli tlvrént i NThisonarnire ai)nmﬁts odf a buned
about 1 x 1018 ¢cm 3, and wth a thjckness of, hetwe
chapaeltwhee issusrcoisobiaseiranhandyinpating kayers gye ﬁﬁpmséed fTé‘F large

R P AR A A

stﬂﬂé&%ﬂi&BAMl #hS dedndlisva tipalat apdeitg sarrief dbdteverdiis capable
out 750Q and The source caontact . 166
FREN bneleline Sond ARg sohe aficthes o 6ta SR Gech g T Adge can

bé 8&siEea B 1R ndNratN ofT BE redicRigthE INBRCES %ﬁ&enlﬁyerbﬁm fo%elow
exanple, Ti/A/Ti7Au. The thickness and dopi ng val ues

apprexifietely 1 bhizeki surhvibht Bgeudltvin Hepletiateregufn @gedling flom gate
e t he i.n nd .t hi ckness | ues woul d depend
o e eiaatt PEARE PR SO GI  P et or ot . The
bl ocking layer ' 160 and source layer 164 nay be grown
- Irehk tdavica| thy sibdtr@Remay be n-type GaN. The voltage blocking layer 160 may
be n-type GaN, for example, with a doping concentration of about 1><1016 to 5x10]6,

cm_3, and with a thickness of greater than about 5000 nm. The source layer 164 may

be, for example, n-type GaN with a doping concentration of about 1x10" cm_s, and

with a thickness of between about 100-and 500 nm. The gate layer 162 may be, for

17 3
example, p-type GaN with a doping concentration of greater than about 5x10 cm ,
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enbodi nent, while the gate |ayer 162 may be forned by
inplanting with a p-type inplant species (such as M)
wonv@/osive3 bl ocki ng | ayer 160 and source | ayer 26%/US2003/041255
Alternatively, the gate |layer 162 may be forned by
epitaxi ally re-growth after trench etching of the
gi.on where the gate |layer 162 is to be grown and

a{lqh &ﬁthm thmwf@é b%veeg abety 5P 1wad 26RO st fThe sourp eonians\166 may

bgeiﬁ_g XP’H/%I\}V oﬂ\l/egg agoﬁ/t%ré_ll l6§3h J] %;E%Ig%&HHﬁC Ni/Au. The
dmmf:orgautaﬂ D (mayrtad; forgexamply; fl’&’lAIl/ST-l/o\fuf Tae tiddtriesd Jilﬁi dd}ﬁng values
VO Cont olled. Figure 15 illustrates a

ot ok gnon hecadeatd 009V HnsEPa. t%ﬂ%@&and thickness

vaisEHeta &Réﬂ@aﬂhaf@@fégl A el%g%é&g@ @ﬁarx&lzgwcm may

instead cohstitute a or a
~ lowvoltage nornmal ly-of f FET. Figure 16 |IIustrates
Tha dllh@ﬂng ddeed i 168n and)fsourhe layw ehidi maydbmgn«swln apitagjakiy in one

Wﬁ8$ |\gk}g,1€ﬁ’1p gilgf‘e %% SC? d f ]n?éieru%}nlgovrs}lth a p-type

ihplagg E}%cﬁﬂ @GR aP ) ﬁfto tthe b?édkﬂfﬁl Wyer 980 tha %% layer 164.

substrate wth a vertical JFET i nt egrated
Adternssively ethiergetelldre 1925ntisbe Surmed by qoltnxnaupee BTO@Uklaftgr trench

e B LT85 et B2 LG B P

sma&hthewpshyfa@ wel | layer 196 formed on the buri ed
gate layer 194, n-type source 198 and n- type drain

ﬁOOformed n the well layer 196 andas e field
¢ gpovrpdeserbstrrmellyins pqueéd%‘rtrf@i PREEcan o cAmbinedrwitap low

| VBl@a\gelﬁln it ¥ R&scd @E&rﬁig]:?égloﬁqgalan X%%ggﬁl%gffzc(?l%yﬁ-mﬁ is voltage

|1 Cce a SO I NncC udes ource conta
cemniled. mgurealfgdhstratemaa@aNZ&&&l@h JEBT 180sinl edscody Wakier low-
| ayer 196

vilisebinenin MOSEdTEn  AlEthefvelio EE mavcPbiend gt «

dEeRIASIC AHGATHERE 1$\!vﬁ)oﬁa§é&ﬁm%ﬁ J-AepfR drain contact
212 on the reverse side t he substrate 10. 57 WD

2004/ 061923 PCT/ US2003/ 041255 1In the integrated ‘
Figugq tq dh‘étfatﬁh@lcéhﬁliﬁﬂbaﬂé’ﬂmyfﬁ‘@ invengiga demnstiAting an integrated

%L ?%éﬁ;tgghé &%Elae cgo%ﬁ nPYl gxﬁl?egt? Xg%\g Jphligg(ai%exan@ y-0ff FET is

opl ng COHCG

irfedrittd as mpdrt @Mtle erﬁdlura dnhﬂhé ls@s Substraty wah %rvdrth@m JFET. The
about 5000 nm - The buried glat e |ayer 194 may
injegryige S@awureﬂaeluéwbétr {Op a - mglb}@kmdem 19atfopned over

f f
T Y
t}metwthdayhl\l,%ffonme&b«mmhb buried gdte baydo pP4) @-igposairte B8 &fd n-type

28@3}1 1 % fr Héhqnﬁ t hi ckness of between _ .
o BacHs et @-tERofeldasien 209 Jovmgyl in the
bf%@kmg layer 192 and lateral to the n-type source 198 and n-type drain 200. The
 device also includes a source contact 206 on the source 198, a gate contact 208 on an
insulating layer 204 which is on the channel region in well layer 196 between the
source 198 and drain 200, a field stop contact 210 on the field stop 202 and a drain

contact 212 on the reverse side of the substrate 10.
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p-type GaN, for exanple, with a doping concentration

of about 1 x 1019, and with a thickness of between
wahoutosi2® and 500 nm The source and drai n 198Camns2003/041255

200. may be n-type GaN, for exanple, with a doping

concentrati on of about 1 x 1019, and with a thickness

f bet 0] 500 nm, Th e
In S g R s G, i oo Bt RRG PO Frtent Gl gt reaing B8 >
1
m%*% -&%%%%%%%ﬂaaﬁ?%%% ‘phyoplh R abSG 1A
t f@r C a f

SXE? op&goﬁ%ngct 2 Oﬁl%cgg?suéﬂ %{legé? ﬁaﬁ‘%aﬂe%/qogggndglglg rilslg'l g gate
layen 19Hemayp beep-tyipb oGiNEfr Sxampleb evith 8 doping, cd‘n@ént@)ﬁ@ﬂ‘[ﬁfeabout

fof, HBT, Schottky rectifier, p-i-n rectifier,
1><t1ﬁyr at with aothickeessi W Hetw@sribbub i 0Q EET 50@ ewi. dis, wat layer 196

t hey may conS| st of arrays, for exanple for the HEM,
mWEST:ETypea aN, KmsmeEmpia, SR @pmgé@ncmﬁa@mnﬁabmﬁflxéo

PR B SO b U5, LGS g
p- tfygy Ik, 9B bR 1 26 2\%9}1 a%ﬁgg@ ?c%h{‘ar&tﬁdﬂ 8?5%01&%@6@ srgﬁwnh a

‘array

thiektiesbof dgee 360utV!ﬁ®0(‘alﬁd 580 emOTdedutoe HAUksia 198nihd 08 may
220, but pass over drain contacts 222 and gate
becnatypaﬁaN fmampﬂéq otith arddxpmg] camenirhtent ofi ababt bo]rﬁl a(ahd with a

o Bl D5 07 S0B e S oy Py e n

oxideC b @ﬁl%r MsiERe rla}% {IEMEamBRNPSURABIS chiipBdltidhs fY the squrce

W{h respect to erbodi ments enconpassi ng honoepit axi a
cohfiagh2Qtemd tiiamy coitade? 1 2daviude Jigyl/TiFDs, Swfablecemamositions for
de. t | QU 8, which 4.5 .a.detailed schematic ‘
ga{%aqoﬁgatcf%@ %ﬁi fg‘?l&ﬁ% Cg?ﬁaﬁtgtl@rlgdgge ]g}{é Yenmbodi ment of a
honoepi taxi al LED. The GaN wafer 4 is shown as the

Theuhsideatdesddided iMhe Bbdvireertitdigents Sndyobardticreld) o @X’dn(i e for
58 WD 2004/ 061923 PCT/ US2003/ 041255 structures:

HED, Sghpitkyoreghbien ar-ir dreptjfiere dbyppden tarovertsal MOSFET or IFET
deQwQSarb?”Eﬁé;@hla CoREYE Bhsh, géﬁ‘e&%r@éf@‘@ﬂhg SRR NIESEET, and

at nosphere ace carrier gas,
M@SEET/M!SEMM@@@G or helium may be used. Suitable
organometal | i ¢ precur sors include trinethylgallium

t I t.ri ndi u nd m xtures
e ot & et d eyt S b Bl o et ViR agfades gate
coﬁt%ts nZZAV p@raiﬁﬂ:@ﬁth&k 228NAinR1 Sourdc ¥6hians madi Wéx)ﬂal felectncal

magnesi um or dinmethyl zinc, for p-type materi al
commtlgm b thearray £ heircd e@ﬁacamem@day asanged it tmigeam avhich

are ledo & ?62 ]sdurce con?ac(iis ?L% b3t pa pass over drain contacts 222 and gate contacts
224 without making any electrical contact. The array device includes an active region
(not shown) below the contacts, where the array device includes a number of HEMT

components in an array.

With respect to embodiments encompassing homoepitaxial light-emitting diode
devices or LEDs, references are made to Figure 18, which is a detailed schematic
illustration of the structure of one embodiment of a homoepitaxial LED. The GaN

wafer 4 is shown as the substrate upon which the device is formed. The device
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of n-type GaN or Al"In,,Gal_"_,,N, where 0 < u, v, utv
<1, 6 is optionally fornmed on the surface of the
weubsHocae 4. The n-type GaN or Al "In,, Gal _" _, pOI/US2003/041255
cl adding layer 6 has a thickness between about 1 nm
and 10 n1in one enbodinent and between about 0.1 and
4 in her 0 |ne he depasiti.on of t
stiofiised R oA R TORBE by detomigoBfdhgf Rikenapilis prggprsors
lnlaﬁ%ﬁa@mbwﬁﬁmﬁg ﬁhﬁgﬁﬁdré 8h IR aPefrhte @SsuFfAtat AVRrmi@ gafiesuch
Substrate itself, fferent doping |evel and
asehystrogancer helawmaumey het yseda Buighds omnd@atalhc precursors include

tngbeg%ggaﬁlé{gggﬁtrirﬂgtﬁglo{ungﬁgﬁ ﬁ tIngll ¢ er andS mu‘(‘a’tﬂres thereof.
SuNablen, dépaiht UprecitsbrsOrincluble %HQ&I r ﬁfre rf]- gpbn thiterigbs ent e bis-
of the n-type GaN or Aluln | ayer. The
(cielppeptadienylmagnesiyrper dimsthal zmc,Ffﬁr p@pe > pgteril, where 0S
W, X, wx S 1 and, in one enbodinent, at |east one of
) r p .
AR T PRIEL BRI ok 0751 R0 e
ofai—ty@evi@egxl boAl|lhgh; ., @) wherer) Hef weehy Khle 6uk toptvnadlyeformed on

(5E s o o RTE cfr%%a%'@g‘%ia;@gﬁgf AT T
Y

0. Mam:mm il gokias leyabodinieat. TEhe\@@dsidiba B tHe P8 GNdoBA L In,Ga;.
Typical ly w<0.05. The active |ayer nmay be undoped,

icladdingolseer Wi mayilewdite timpsovedc plegisicalj propertiss Telatipe to the
suﬁo%’t?aqe th&?da dlﬁdelteFlt H{Hﬁ;ﬁ/’% RY leﬁadlséig&g%ﬁ é’aﬁ?‘g%‘ gguaJl éh&%ndgap,
oﬂtﬁhﬁﬁmi‘ohsldtetﬂ’oé or si ngl e quantumwel | structures, or
it may conprise a superlattice of AlelndGi _e dN

el nf Gai N, ere.0 <. c, d e, f c+ e+ <_ 1,
@% activg g%&rgawhsﬂggmﬁtegpnm OR{OBRIEN-BYPE %a%émr AlyfnyGa. N 6 or
the Qrilslateed ifMHleldbRiRe gyﬁﬁtﬂJ@?WalN OISAquﬁGH{) N 6 la‘ﬂlelo MBhe active
enbodi nerit, the superlatti'ce conprises a out
lagibrt &cmpmseg Al By@a;s,-N, wieee Owbwdi,fbex énlt ambmmom embmﬂament
of Alln ththe nore, | n- I‘ICh/A| % Vf '
atée%ﬁp% T AT Ay W ay% vaf % w8 9 dBapyndeap
e%%zv?é(e i gﬁer 'eV ﬁﬂg)vﬁlg ?0111 efn‘i’ss{dnoc{é/tv%enchQﬁltravmlet and

antgap) |ng the barrier. Eac
reid meigivnefzhe bbymmwtlh ap@tram:. hTwacrwgmsnl@nwé d¢lre cladsing layer is

chgisomeiar e Pgiskenar (et Bt mabREAE et R TD iR vill e

bétweerﬁawﬁtam SRN06I Slﬂ%rélgélﬂﬁﬁﬂrly\ei s bawees ab@\ncb 05 and 0.5.
d or undoped barrier layers. |InN and

ope
Tmcalﬁ'h\d@ﬂg ~ dN deconpose at a tenperature |ower,
than does GaN. In an enbodi nent, these |ayers are

Tlgflee Qc?ﬁrietla%%r ﬁltaytb% %%&tdyﬁg?pe doped with impurities such as Si or Ge, or p-

type doped, with impurities such as Zn or Mg. It may comprise a single layer, as in

so-called double heterostructure or single quantum-well structures, or it may comprise
a superlattice of AlIngGa;..qN/ AlIniGa;.N, where 0 < ¢, d, e, f, ctd, etf< 1, or
IngGa;gN and IngGa; N, where 0 < d < f, in so-called multiple-quantum well
structures. In one embodiment, the superlattice comprises about 1-50 alternating

layers of the two different compositions of AllnGaN, with the more Iﬁ-rich/Al-poor
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bet ween about 500 and 1200 C. In a second enbodi nent,

bet ween about 650C and 1050C. In an enbodi nent
wohermcw28 he active |ayer is n-type doped, andPCT/US2003/041255

relatively thick, between about 50 and 500 mm," the

LED is a doubl e-heterostructure device, particularly

if the n- tyCPe cl adding | ayer 6 co

laxprs) (Joer baidga) eemprasing ey etband thgfﬁseﬁbflﬁwm eagidayere thigher

b?ﬁ’ﬁ%ﬁ@' d?)n{dﬁﬁ n%cthe Eﬁﬁgﬁ%%ﬁcht ﬁdl%E%%P%g , gy fleﬁleaat fh}/c?(L?ss between

abpmﬁtijandv\ﬁﬂ hm. (Eretwellibat batrief lagérs Im@stbe mpe@dﬂtyqae O61Ep-type
N cl addi ng | ayer posi ti oned

d%‘flmelg e ieE ot g g érm@ureawanm«?ss Hpdqn9q ekl layers, andep-type
B r

opt |d§@lgl di Sp%rgg%‘ergr %ﬂlﬁgﬁdt ﬁ%ﬁ% ?‘%aﬁﬁ’r Q%gt hgmperature

logeze thenrdoes Giale 18 an chdbddinmant,| thys&rlayfﬁ)s amd:ﬁposmd a temperatures

-t cl ayer. The cl ad |ngla

bl it 350 apd 12085 Jn 2 rceonh GmbpRIEnL befpvecs abgu650°C and

1%500 The cl adding | ayer 10 has the property of a |arger
andgap than that of the active layer 8, and is

useful for confining the electrical carriers and, in

Irt he em‘lﬂ)ehméntl wisereindthe deesive Qdyer figvotypbldoped,r &t teldtively thick,
% nag?gs& on in_the desired directions via optical

hto0 BRd o7l dibodhendMD ishe dqublrihetgrostayawe device,

t
BN TS T AR

85O then ¢mbo@agenCwhetein teactvbhgenisnhdopd dndasiutiogle thin, e.g., 1
r| sed of a Al

ddi
toC i e ED” deyied SR e élﬁf)‘etﬂnaf‘)téilc@a‘ﬁ‘@m;ﬁglyﬁ‘ér?édéas" one
adcﬁﬁéﬂa@ a- 3\1‘@'(}‘111 AR, cladlidd 1aG8H @rﬂdéltfoﬁeci B@tvfé@ﬁ ehdh- daﬂ?layer 6

p-cl adding | ayer, increaseS the electrical
andothe aefivedpyer 8. Above the p-doped cl adding | ayer, one
or nore p-contact layers 12 is optionally deposited.

| ayer .12 rises
%@bfd@gﬁﬂogﬁ of I‘&OE% %Ié]ﬁ&n% gyeg% an?pé]é)gg 'a‘{%g?se% around the
adtive rl@idr%SpAﬁ@éHnrlg Figlae 113; chadiagtiayeay0rcog@maed §9Styge Bradding
60 WD 2004/ 061923 PCT/ US2003/ 041755 Al yln,

layeip eFircatledding laver 4R comprisesiyddiTpasy - thwhgemo%ﬁac z ytz < 1.

he A SEIRH S B ER St e it oo e

8 eamddslusesalt for e@nﬁrﬁﬂglﬂie dlevnddal @itriets @AM thedad dfflasdt diodes, of
| east one of a p+- A ylnzGl y ZN superlattlce and a

fapqrap]wdirestipg hehtzqmlé;,%%m the dpsaed dirgetaqns|vie eptiseheanfinement.
enbodi ment, the p-contact |ayer conprises at |east

InOBfre 'Eﬁ{b%l;hn?éﬂtd el\@éddﬁﬁ‘% qﬁferp 6~ atiE102a2Nek %Eﬁ‘?edngtt ?éyﬂ\éramres
conpri ses ast on indium tin, zin

bawkete nbout (ﬁ@ﬁe?m,d B0 9G.c Kelanother embodlment between about 850 and

1200 °C. In one embodiment, at least one cladding layer is comprised of a AlyIn,Ga,.

y=N superlattice. The use of a superlattice helps manage lattice strain and,

particularly in the case of the p-cladding layer, increases the electrical conductivity.

Above the p-doped cladding layer, one or more p-contact layers 12 is optionally

deposited. In one embodiment, the p-contact layer 12 comprises p-GaN. In another

embodiment, advantageous for current-spreading, the p-contact layer comprises a p™-
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One common inpurity in GaAl I nN devices is hydrogen. In

the case of p-type material, the hydrogen may conpl ex
wonzody/oaceept or centers and cause the resistivi PETIUS2008041255

hi gh, degradi ng device performance. The

hydr ogen- acceptor conpl exes may be dissociated in the

resenté%nventi on hy annealing_ at a tenperature above.
Ai%z&ial-a sgperlagiice; {ajqnothsr gaPPdimenhyhe -contichtayer pormpréses a

Perhaient Sucntdb ol TR & St cppogipen.
o SRBERER bR 08, B 1ER o8 oY 8 5Rq4  pppmice
ae}pQJﬂiyh%@%l-ﬁ%T %Hjlberﬁftiée.n I %Bthgp‘gﬁlt%hgﬁ%% t@l@!}?—l%nt?ct layer

about” I0 a-cm 1 n one enbodi nent o mati-on o
crhprides ghleagtrinketondtgl @iide®IQlg wiheas0 efx & RemprtkeaRtal M comprises

i nvention, rmetallic and/or conductive-oxide contacts
atlldast dfe aff ipdiuar, tiagdzion, goid stlogr, ¢qppet, ppéhickald bot t om

(n-type) surfaces. Most of the area of the p-type

contact 16 is.ver t.hi about . 0. 001 to gbout 1 m ’
OFRsRimgb pat i, CeplleRu ARTAR i BPES| i the casé of piype
ndafeRiaE R BftfrogenSHhy 8dthfles FTBORCEHONSentRE atd'&auRe iNER8sistivity to
contact 16 include nickel-gold,” or at |east one netal
be highe degrpding Rgvicptperfagmanye, , Thal hydBegentarcetioy cdpleaesdmay be

o R BFa nYSaiP Y el s oS R SbaarbouL i °C

oZihBf foXdtid8 maf b AP LuEh RS Birst Bg&@ 8 usd BEa Al Eéﬁ-g@é Growth -

p-type contact 16 nay be alloyed or™ may cohtain
eniiitoRaient, Sedth asoups initragen, or veaomtmacin au ethbodimept @lNthe absence

of g R e R0 1 GTPE T b SRR gl i
akdier Rndb¥ R GRSl aBdhti18 dfani um al umi num  The

titani um al um num n-type contact 14 may be all oyed or
may contain a titaniumrich conposition in contact
InyprtenenptipelimerGa] tiseifosmatioreofl the digtt emitthgidiode deviceshof the present

iR ekl 0 S paneier Th My Samed e top (-
ty%ﬁ) ﬁ%g@ttghﬁ@ﬁ?p@ﬁﬁlrfﬁfceﬂ MoSCof the areélof tﬁ@ugé)g%b cofachNi 6 is very

( , Au, Pd, "~ 61 WD 2004/061923 PCT/ 3/ 041255
thim, abpit, 0.60T tor gbomtid tibm etk so arid bei substamtsallyhptiealty trdimparent.

C. acts 14, 16 be deposit ) an) a kno
S R s orE TP Gt 0Tl b DRIk g o east one
mRMARALFh! B6m P, PE-AEa EXRPSH ainl Q. "ﬂi,n_aﬂl{‘ $hixtures thereof. A

enbodi ment, the nmetal contadcts 14, 16 w | performas 4
cadnpieveconidaeerdadt fcomprised ajdeasb one pEmdématonide, etorienand zinc

ut. 400. and 950 C tionall to aid.in.separation

o8 B et Bt AR scle eee a5 PRLRG ohed or
mée oiginla fieltdl-FRh compBsifloh $n &ntdte dithRROPLUN NSedEY bfi®a gold-
.structure around the periphery of

rich composition in contact with the nickel-rich layer.

One suitable composition for the n-type contact 14 is titanium-aluminum. The
titanium-aluminum n-type contact 14 may be alloyed or may contain a titanium-rich
composition in contact with the n-GaN substrate 14 and an aluminum-rich

composition in contact with the titanium-rich layer. Alternatively, the n-type contact

14 may be formed using at least one of Al, Sc, Ti, Zr, Mo, Ta, W, Ni, Cu, Ag, Au, Pd,
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the device and a passivation |ayer 18 deposited on the

| ateral surfaces of the nesa. The passivation |ayer
wory4oensi se Si 02 or SiNN and rmay be deposit eBCIDYS2003/041255

thermal evaporation, e-beam evaporation, sputtering,

chem cal vapor deposition, plasma enhanced chem ca

}?or deposition, or the like. Due to the hlﬁ-gh quality
Phtih p&are Gidh mgteb, andppixfBpobprephd b canwgrﬁ L Abmashy deposited

PSS b EIBERE iy O b S 5o g B, o
ethgamcevipomaBon. mbs bnél eﬂllboélmmt eh6 ulesd] aﬁhiaatlsl M, f16&e1110;5erform as
é]ﬁreadln di sl ocations. Wth reference to Figure 19,
lfaqqn&cgﬁaf rRncaledip iterapRratyre betweerorhort 400 and 0C.
structure of the present invention is shown. Wile a
r
Oi)ﬁ?l %f}glrtﬁ 5-15?% §%}¥a&‘ dgxs th {a: g%gérrg%to]lg&lv[ﬁglefﬁiﬂod’lgs and to improve
de‘mxf lifptirreet & @resaid étchafdothraugh sheléeviandtactide idund the periphery of

ant ageous in so applications, for. exanp
edl%? %B?F&}Vﬁ&oﬁq pﬁﬁ.fﬁep@ﬁ{?ém@ﬁtlat%éu@ws of the mesa.

Tﬁé‘?%sf\%h@n 4a}759¥m§g Sﬁﬁé?%h?? SRS Mg ﬁ%lkl X te%[)sﬁdt%pﬁrennal

hough for pur ustration

edpogdtion] %—Beﬁnﬁ%ﬁgﬁﬂﬁno sbﬁttéhdgy Rﬁl@ll’l‘?@il r’vaRIGP %ﬁ@é&tlé@yﬁﬁsma—

20 compri sing N or n-Al where 0:<
ephanged ¢hegnical vaporjdgposiaer oF ﬂé‘dﬂ@n the subst rate

fol | owed by, optionally, one or nore n-AlulnvGai _u_,, N

%E@ﬂe%ﬂ@aﬁ%fo%ﬁ&%ﬁr\éﬁ Jtl‘%ﬂl%?no\%pitﬁgm \Ahg;l’?-igﬂﬂgn%d%vicé is free

btk eohadiesrnd, foata deadtarenap 8 a¥orRNG* Y, O RPNEeIbBut 9x10%
is then deposited. As above, the active Iayer may

HEGneIrupste lanugibst dewices astsobgantially fweoif tigbadingidistovations.
well, or aAIIndGaI _dN/ AIeInfGaJefNrmItlpIe

U RUBEL 08, ol ol §Popppativi e

stpuchadl of rtheppﬂslsc)ﬂt AfsAchtivn ilNshowd e Melile & verticyl LED s‘t’fhétufe_(Flgure
1, cladding | ayers 10 and a p-GN or p-AylnGai

19} makes more |ehljeipntipse af gplsirajes atepen laterd) e@ntﬁgmugh \alth two
t girdE cORa0F id J?ﬁ/ﬁﬁt@é&)ru% 61? Qolrﬁé aé{)qlcﬁtx&}%? goa g)%zlrg g% ch?p bonding.

e n--cont act
Ipthed embodichent] GheiGaNt fubstrfitg A¥hay BR4(-6H¢ Omi-insulating, or p-type,
PCT/ 2003/ 0412§? deposi tegwas descri bed above and,
EESE YT SUVES o qudy e sybstyate gsTunead todetmiype. An n-

cﬁfgpeggﬂ'r %St%m %Cﬁﬁb@dﬁ D&‘?% G heNS%&Ier@keq 'vS utv <1, is

W th t one m nesce tu atomor  cto

depenitet onfthe sﬁhﬂfﬂﬁé doll@ved BasS bptﬁtﬂﬁll? oBe bf anGdet mmuIﬂJ’Gal N
rare-earth netal such as Ti, C, €M, Fe, Co, N
clpddingfayers6. fgtivedayeray, ccpmpnﬁlﬁgaﬁd@hh@m ~erthowiare AtS wax, wx <

1 30§RE RS QﬁgﬂP ehfa%? feallf oraY w9 %'apel rg&gsré)i, iset gl‘é) |qeposrted As

I'um nescen col or cen
above, the active layer may comprise a double heterostructure, a single quantum well,
or a AlcIngGaj.c.gN/ AlInsGa;.e.eN mulﬁple quantum well, where 0 < ¢, d, ¢, f, c+d,
e+f< 1. Next to be deposited, optionally, are one or more p-GaN or p-AlyIn,Gay.y.,N,
wherein 0 < y, z, y+z < 1, cladding layers 10 and a p-GaN or p-Al,In,Ga;.,.N p-
contact layer 12. A mesa is then etched through a portion of the layers so as to expose

a portion of the n-contact layer 20. The n-electrode 14 and p-electrode 16 are then
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the galliumnitride substrate, the active |ayer, one

of the cladding |ayers, or on the backside of the
weubsHocae. The honoepitaxial |ayer is depositedThg2003/041255

nmet hods that are well known in the art, such as

nol ecul ar beam epi taxy or netal organic chem cal vapor

deposi tipn. .| ne enbodi pent, the dopant oy, col or.
aepified s Ehcsins alpve oG ORBRRh T SoRYa: 1§ Bouiblied 49 the
expded n8RRE. €M ts or produces | um nescence at |east one

wavel engt h between 300 and 1000 nm In this

enbodi ment, a portion of the light emtted by the
In goe pmbodimeat, thesubpisae bedprisy witheatdeast ersiunppgscent atom or color

Ly cent mpr -color _center in the strat e.
coldb e B B st P Ly TR 1 el el TR ST g o
MBI, €o, NieHr, 'Hef, RXEBu, B TinNJinl dn@lter @mbadighient, &f ldthoepitaxial

colagr. In this way the light emtting diode can emt
layer ghGajt canfpnipe ahined ongilrmanesennt afavedietaberreenigr idsposited on

.use .of r =
thd PR I RERARNE o B0 TRR one B SAIRLE: Layers, g on the
badicsidengf theisubstfate. Therhbmatpitariablaylet isedepobitet oy arthodothat are
reen light emtted by the active layer of the light .
wellee, ¢ dho @8 awd peaoleuias Reamy eifady, oramaielisgtie shemical
.va#abﬁﬁépo%fﬂo‘iﬁ eth Bie eRbodDitis! ﬁl@t(ﬁ) GNP LA CEntbbid Gresent at a
i ght”. I'n anot her "embodi nent, G nescence I s provi ed

cohgendraio ofidt Rusistoidtca-t it emits wabsridubeniadndsoeridaat least one
backsi de of the galliumnitride E;ébsirate by net ho

hod »
wavsienely Retwern SR a0sh 1000 pre & this eokedimesat.or PattioR & the light
enﬁﬁ@cpﬂﬁ{dﬁép’égfgt: 3ef id %bﬁ%ﬁ_%%x aé i@aétqgﬁq%;?ﬁ@%¥ Gk 8P olor

ceriu yttrium al um arnet. erence
cettor Hi ther mb@fgte,Whodiring am chbetranicdtly eclitedwatatec The excited state
illustrati.on of .a str ure representative.qf a. . .
TR SR HEGOY o BBENHERIPE ooy HaY ol chitting diode
cah "é‘xﬁﬁf"ligﬂpat W or nfdird igder&hteRavdldhoiliCwithQtRE WRE o?fa Geparate
| aser diode device 18 are the same. as those of
phbsphei.ngor praninlgred-durhinesaieg Gadeydayicar ba 8ynthesized by doping
described.ahove. .. Fi e 20 shows a ..l aser,, di,od .

Wil B R R e F o Reh OF BeshisrE Rt € Feastive taver
ofwhé HgliteeitteidCdodandicdUbRndd yeBORChild/Godredn ligeenhias@ by the
di ode 18 conprises_a n-GaN substrate upon which the .
substraiepancRyaducet Bhitelightc dn jagothips probedimers fumnineissneeisinspvided

r S rii.cal 0Q4/ . -
oypPRRSo P T abe R o G RE PRIET e, epligy ivide
sugﬁratd-\byairl]ﬁhadsl shap aieewelp kndemi i@llethami)ﬂ. O%Qhkﬁplﬁ@ dfhech a sfecond

evi ce shown in Figure 19 js also wiithin the scope of .
subf{te ipcdudh Ty é"ﬁ’t'ﬁg%?’?d W@Ll{f@r apd |ctim-4npsd o BNy plgRum
g#hé@aN substrate 4 in Figure 19 is an n-type cl adding

ayer of the structure n-Al alnbGl-a bN foll owed by an

optional n-AljndGl _c_dN
With reference to Figure 20, which is a detailed schematic illustration of a structure

representative of a homoepitaxial laser diode device of the present invention. The
initial steps in the formation of a laser diode device 18 are the same. as those of
forming the light emitting diode device 12 as described above. Figure 20 shows a
laser diode including many of the- optional components discussed with reference to
Figure 18. Speciﬁcally, the laser diode 18 comprises a n-GaN substrate upon which
the LD semiconductor device is disposed. For illustration purposes, a vertically
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l'i ght-guiding | ayer 20, where 0 <_ a, b, c, d, a+b,

ctd < 1. Cadding |layer 6 may conprise a
wo2004aba&al a bN superlattice. The active | ayBCT/US2003/041255

depicted in the Figure is an AlelntGl _e fN

Al gl nhGal _g_hN nul ti ple quantum wel | |ayer of the

super lattice structure described above, where 0 < e,
oended devigeis shgwp ir Figure 30s phdataralli arieated clevige anplggews to the

%gce' &O@ﬂﬁ%g%%]aikﬁ \isLitINH §§C%P§ Igfr‘] h@%%sel%dig%enql Loved

| nnGal - m nN cl add| ng Iayer 10 V\,here 0 < i v
T]kq ﬁmi ler)@r dmposeld-lqn, the fl-GaN zubstratel 4 ih Figune 18 ib ad nppd claddlng

lo§EiEof [HATERTE kb TP Rer ok Ao G e b A UGPAL i AN
hélﬁ—%%ﬂﬁn% EZ@O Led o 5 4%1 cd'cingz-lrgaX%[Z % 0 éﬁﬁdlﬁg l?ﬁ?% may

type i Ny ayer ave’ a bandgap greéate
cdnllm‘tse (afn-Ad:aﬂanhl 1.2y supedlattick.n THe bettrdhie idepicteddh R Figure is an

AR Sl ey S e o
stRichyP ﬁescﬁh&? g‘t’)cﬁgé rO 24 dgl h -g{agdrga@lt W§pf5c§d on-the active

greater thant cTa rs™

lajrérrizd islaapy-al;In;Ga@nN Oblolcbmgﬂa)&r AHOde]!@G@al@_dJﬁlﬁﬂgﬁKﬁﬂ N light-
l.ayer 12 whi ch has a bandgap Iargi;er t han t hat of
élpg\}%yer 8@.6@[4 axp Abufon Garad-TE Eladding laveat Oowheredugiinigk 4 m, n,

re 0 ri bed abov th
i e sl Gos BBl Rty et S PEas S 1 SkhaCern
NJ@@pe@fattﬁ:e PHr MothérZ&abadiméN, SHREbE %taTdHﬁq% lafers 6 and 10, light-
-Alyl nzGai -y- ZN -to-n+- Al yI nzGal_y ZN-t unnel

gl}ld.mg taxers 24¢vaed 286 0and p-type, blyelgnglayer 2h diam a rbea@apcgmter than

thgﬁeéfaelctlgée( gzgr%{ yPe(’In \é\/@oanngtho o € mﬁa& nt,tqp cngngimg éameas 20 and 26

he&blb@ﬂga}ﬁ‘ﬂwaﬁ sn@illdr tidnC KRt .of| dadifle layleds Brﬂid 46, and p-type
? confinenment of the |laser cavity, the - cont act
blprjs; laye

bR e ggraihat isgedierdhamifere abeladdhng layerald s1d 10.
T Endl 'léé%?tlsa&ﬁ %@éﬁﬁ[ p%lelneé%h ed &J?fié%&’ %?Ye} Ii]f Wh(il(glvila a bandgap
re P § nesa s d eep

struct rm a me8a’stifict ure.
la@eothgh thay o€ attéredegivpn 284t smblédrokart thet efodladdénd ayer 10, andre 0
extend all the way into the uppernost portion of
<f’h%~" *@ibbtrate. I'n one enmbodiment, the width of the
stri pe-shaped nesa i s between about 2 64 WO

A@Q&éﬁ@&l%ep / cyﬁ%gg%g&ﬁ% nfp&gfm%gag tlggf[:,!)ﬁ]e ofa

.a second enbodi nent t ween out
pMALJIRGAr AN §L@>eﬂﬁﬂﬁ6@V% reARIBeh! | el tCARTAINGIEAL RN Gunnel

decrease the threshold currént, & ri dge stfuGturé may
jubgsiont whent @ Kpoagh-zthé, gdrat péest yneofnetah exide M@gt whay €r< x < 2

12, and _into
and the metal M comprises at least one of indium, tin, zinc, gold, silver, copper, and

nickel.

In order to pfovide lateral confinement of the laser cavity, the p-contact layer,
ciadding layers, active layer and, optionally, the n-contact layer are etched through the
device structure to form a mesa structure. The mesa is deep enough to extend at least
below the active layer, and may extend all the way into the uppermost portion of the

substrate. In one embodiment, the width of the stripe-shaped mesa is between about 2
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t he uppernost cl addi ng | ayer 10, as shown in Figure

20. The width of the ridge is between about 1 and
wahoutosi23m and its boundary is preferably atpCeastoo3n¥12ss

away fromthe edge of the stripe nesa, and even nore

preferably at Ieast 10 maway from the edge of the

stri.p rdertht an Iat i ce da
IR 36 EPAIOWE T GrSoEAT LGBl DHEGEH 2Pl umeandggpout 25
anot reduce the efficiency of light em ssion by the
active layer. Normally, the ridge structure will be
formed prior to etching of the nmesa structure since

Ini drdéxsto&hqird)m\mre eldonfidad vomhedienh iaﬂ@ dtacrei@rtrre ﬂhes}ﬁ)ﬂd bmeent a
mesa and rid structure, the, urfaces of th

TiggesSirugiEe pay etﬁ{?@ thisngh e PP W ohige rqoatjet lagipre] 2 and into
thggl géﬁ%%@gla@?ﬁgggé%f‘ 18] aspﬁﬁﬁs}nvfﬁt Fl%ﬂ (%2?(2/) %Vldt-fl % the rldge is

Ivation rray conpri se

bebeeetiespont 1 add hyodtnerpm) amvieparuatiagris pﬁ?fbﬁmjﬂ at least 3 um away
evaporation, sputtering, or the like. Optionally,
frcpiaélsq Qcmeuocf ihe styipe mpga, ag even @@rmyﬁfeéablmt lepsttl@pum away from

1
RO o i FRh e IR erEE L BB B P PRRE Dy fipation
ofStHé ﬁmae“s@%tm&uwmtaybioe réREP s éffieientPiof light Bmisyida by the active
contact 16 is njckel-gold, either alloyed or wwth a

- laygre kNprpalbh the mdesistineing wilk bt femedipeier e eetcﬁn@Nf the mesa
/StllLl%Xl?é Slillé ﬁqg @ﬂlolg&fa%k.grlfdlfk@l{fg gﬁ“éttéggn%% glln h@ﬁ#esx\”a%(z ridge

stiretuy ethe gideastitfadeh ¢£Sthb|maa|amm1aig¢nbnumt thbttbp tof ahd fiygs] are
“or. with a tltal}l umrich corrp05|t| on in contact with
paptigathd QY NPeans M r apssTvatig devsh 184 GHerRATSIVARROR LRyRpBISY toBpTise

slgnﬁ SO8NACE MY B Befdshan 'bg ’J“ﬂoéxm%‘?ﬁ“" T'@béa%pte%ﬁo%auon

be depositéd by any ne e art

spﬁﬁéﬂiﬁ lfor deP URé ! |Oiiﬂloﬁﬁllye'ﬂé§§ﬁﬁti%‘ﬂ3!9%ralg /iy b|end®6§ted after top
enbodi nent, the contacts will performas ohmc

m@téﬂltcei?@f@c‘i ¥6.anneal ed to a tenperature between about
400 C and 950 C. The final step in preparation of the

Ad %ﬁ)n n, Pt g&]\éﬁcﬁse létl%%giwh%eﬂ %nttl?er H égttgfep b&t‘?oﬂ.l Kn—@ype)

e’ per pen ar ’'to the stripe ure |
suoﬁacl@r Ao suliedbien eotnpesitian g?mdth&epl-sypa:ncorméctt]lﬁelsl ﬂﬁ:k:el .gold, either

cavity. .l n one enhodi nent, the length_o ser
a”é’f/?% 8’(y &Vﬂé 3 gw@sﬁ?\@bﬁomla%w&mna% hrﬁfhe IPn(QJéIﬂ Jf¥s 12 and a
bsitiB investa@bout 40P crRiand i &O }msultﬁﬁe\@Qn osition

2004/ 06 23 PCT/ USZOOS/ 041255 The sinpl est nethod for
fof them-typercofitacct4 isditaninfealaminum, teithercallpysd of wither titemiuoerich

is to cleave the substrat n evjce structur
cogpperSinait §or o S aont s ARLAT oG s eppposition
infohfatORith fige fiRfRLSHEP]1VBC BRSOt MY b8 depdsittd by any means
known in the art, e.g., sputter-deposition or e-beam evaporation. In one embodiment,
* the contacts will perform as ohmic contacts if annealed to a temperature between

about 400 °C and 950 °C.

The final step in preparation of the laser diode device structure is to cut the device in a

plane perpendicular to the stripe/ridge structure in order to define the long dimension

of the laser cavity. In one embodimént, the length of the laser structure is between

100 um and 2000 ym. In another embodiment, between about 400 um and 1000 pum.
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In yet another enbodi nent, the device structures is

grown such that the short (facet) dinension is
woaoaoeed23t o a (1010) plane of the substrate 4PCT/US2003/041255

Fol l owi ng the conpletion of |ayer deposition, the

wafer is cleaved along (101 0) planes, which are
Tgerpendlcular to the (0001) growth direction and

p sunley anethed, for|fﬁnalﬁgapﬂ@twatsmf@ces ortbeicdgsst of thadevice is to
egvc,ee the @l.g)%{rgteagrﬁ Hé\g?% féﬂg tP%é 3@381‘1&11 e (')l?sﬂ ah§ rﬁn%gﬁo&epgsﬁ a

rm lar o Thprove

rﬁlﬂ@ﬁa@ﬁhﬁ b illehfacdth® haeadeshe tafleb@viteC h ani cal ly
pol i shed by standard netallographic nmet hods. In one
: a reflective 'coating, on the face

enbodi
hz:as?fmwg@g eigbagisnent hs devies S IERiY @ewarsuelbﬁm} the short (facet)

o %E%n%é@gﬁaﬁgllvt%r 10'?(‘%2)56?1168)& gl?elf L5 %% 4%&1&)(&5&%@46 c%mpletlon |
ofr | ﬁ?érSI%osﬁ’@dSn Wﬂi&'v@eﬁﬁt Hs elesalde raldﬂgafll@lj@}ltpl&%é xﬂ]‘iﬁbh are
Zr 02/ Si for wavel engt hs greater than about

peripenstiogpistacther G0 Dnanpasite igpepisory prchcleave Keadilsb dm arp sla)ematlve
el gkdl\ﬁ@s?{ %é‘la Q’q"a %:%so %g%trerp%;edtlgr reg‘g az%lﬁgﬁ? f%t%h%g | ”djé% (Ifgy etch

ractron O eac

nizitede nbbdésiredtto itproventic e faesrisagihreing faoéﬁuﬁn b mcHanically
where A is the wavel ength of desired operation of the

pplished byistsgdard metehipgraiometeds:. the nunber of |ayers

in the DBRs are chosen so that the reflectivity of

'Iﬁ Bﬁe EﬁﬁBdl‘;&ﬁ?ta feﬁeﬁf\%aéo%fm Pﬁ'%h@?a‘?:gfs c%n&gls@@g dﬁstﬁ?ouéed Bragg :

[ectrvity of front"facet 1s be abou
reﬂadtoa KBIBR ) Oconprismge seoarad flaytekse o £ alverd ativeen tefradése indeed Suitable

Fi gur.es e bee escri be
oot ToF SRR B s S0 it Werelenioset on chut 390
nfil! DEC,Ai6, MY WevdlkengtiéPereaitd thie dboufPB0PaOYraF0,/Si0, for

layers and the n- and p-cladding | ayers, respectively,

Wawelengtbs/ greatat . than abowd 139 e, mhtewl theapradodi 61 thet thivksess and

t thin t
it Bt e Taves S P RBME oR LAY qus epbpgimesat, in
ahSthél é’n@&kﬁﬂeﬁto Y & WACneReY ichie v@cﬁ 16ﬂ%télt cgflie@i%h operation of

botton1e|ectr|c contacts, an insulati
tiedaseridisiel dhiong embbéﬂnamt dhe oambet dfelayesaedl iha DBRs are chosen so

o5 M bR e b oot ForEAEh BianfoBof0 S she S Reriivty of

tHS WS A RDisHREwER- abbid. 1 Bhd hbRt 6,55t acks of LED 66 WO
2004/ 061923 PCT/ US2003/ 041255 structures may be

i'ncorporated into a single device, with each stack

Iy epelr af dlae lgnbadinkingh dgscaberd dn E+gurn& lﬁtﬁﬁhelthe} gwstiatsnhas been
d%aﬁbed & %l%{p%gaq-ﬁv?eafﬁr 1? BnO*%ﬁeirtesgt S erdy Of enb émf’ %E)lil%%gate may be p-
typenge fiid @t dndis cdradt ﬂt@/efsaa)ﬁﬁrtﬁe af aridhcﬁcladdlng layers, respectively, are

reversed.

It should be noted that modifications and alterations are within the scope of the
invention, for exahiple, while the detailed description is directed to a vertical device
having top and bottom electrical contacts, an insulating or semi-insulating substrate
could be used in conjunction with “side” contacts. In another example of alterations

within the scope of the device of the invention for an LED, multiple stacks of LED
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p+/ n+ tunnel junction lie in the range of 1019 cm -3

or above. An L Dwith nultiple stacks could be used
woQo@micio2Bwo or nore wavel engths of |ight, forpexasplod/n412s5

Referring to an enbodi nent as depicted in Figure 25,

of a prior art GaN/ Al GaN on sapphire nesa p-i-

hot odet ect or 10. Ph detector, 10 col

Fi P8 8 BEPAIEY By A PRI SRR () eﬁ?‘ci%%fﬁaﬁa@ted by a

h fed o9 bl BLHOAL £ ENSIsEroilg 18028 BERUIGHN HOYET InGaN,
%ﬁw(ﬁ% ? - ypee N ohm% co i(eactg %&gr 14 ‘£ :
Glanai A&pénﬁttunnrml jullchibiowhGsNhe dcplagt:ormantratyms i thnlayers of the

hown) typical ly separates sa phifye substrat
wén%@ﬂqoaﬂm ig thoFge© |19%m§9r abaye: %Eﬁh@aw multiple
sﬁ%@%ﬁﬁﬁ% dsBY & erdit t or IoBNRRGE rthgtd? 1#ehE Gi\acl%ﬁmipl
sorption. layers so it can det he “opti ca | eI d

fromthe backside. Layer 12 is corrprl ses an n-ty
RafeGig toaaneembottimant as-depiméednimtBipure @At af & pribage |GaNsUAtGaN on

Ti/ATi/A ich | i ted onto the Al GaN .

sERYEE AR R Pl o i SRORREROR ol AORDriER) @ sapphire

s@d@ff@t@' ROS 21 Puh YiRBpAl SRBAN aoHRiic adtfhtRt Raye¢ PE2, MRt 3htrinsic GaN
| ayer, Such as, but not limted to, Ni/Au, which is

alopepmiont leyerok and hlep Aip@a(&aN paric &ﬁdactalﬁm@al"edAt lowi-tmperature

A?Igv%rkg'eg& sag g%tﬁognt aﬁfgr %g %n? de 7) lg se 361%%% gg re substrate 11
fraRP hiti g A@GENSd)HIhMecdﬂﬂédt dggert .t h[&lensaﬁjyml@e ¥ebddate layer 11 is
contact layer 12. Under these conditions, the current

trasparspt i iheatalN yabsorptipe Aaner it anedalest itheyepticap dield fom the
b%%(?@?ret}g%@b fs CO %sgéérﬁnqge'\# (ﬁaﬁ\t?ra}yﬁrg Iglg({ Fﬁe hqg%é){%tal contact

ldybe s@&loztsomAlarleAa,b\smbb erldepositgie patoathe AGeN tlam/ahcb lagnealed to
pal rs that are drawn to opposites sides of th Cei
forpyan plamicispniggle Taaveel4 r«%mpm%qS& RikYeE AlPRNylaygigRd a p-type metal
I C
efygf‘ tg?%}?éé Su#r%t bi tgﬂ ‘%{;1 thli//RI{l C\g th %W%eggtége{a‘n&xg&ﬁié ,%I@aN layer and
ammatedm) @t mnolnﬁlctdontaatj i Hoe @oﬁidmnrbtls op&ateﬂ by remsqihesmg the
about 109 .-

ti
FREH. TR SR oerb it £ bt Suifhgs &8 s e i somtget layer
1@ h @n‘agleih%ﬁ &fnditﬁ)ng' tQH rcﬁrr(?n@c 1is I%an‘ijéﬁélbl Qﬁ&ep?ﬂdﬁ %ﬁ'ﬂieasfo\l'tage

nmbodi nent of amsa-semcon uct or - net al
bpﬁxstpmmr@@tab to fi@Oratsf oft dpsicali ganerationof crittsrodbayertldris ig0GaN

ses a,galliumnitride substr 102, | gast .
R g, nPRybt Db BT i f ki e BlronRR nais e
afeudstivhafoCopdditesadidesabs HRA ﬁﬁ]c@(ﬁﬁb?/ GRN @léetricv ReldORbh@6tthey then
structure 106 affixed to the at |east one active |ayer

cqgrbuiprfoghe dertopcupmoy/ Gemoendpetyy laer0Bl.0lP 2mg 14 typically

oGRS R R e PG 8! P SOy — 101
2, dife th %51att1@e Bfhash witl thE sWphirk-subdira@dlot her
embodi nent, at

Contrast to the prior art photodetector is Figure 26, which depicts an exemplary
embodiment- of a metal-semiconductor-metal (MSM) photodetector 100 of the
invention. Photodetector 100 comprises a gallium nitride substrate 102, at least one
active layer 104 disposed on the gallium nitride substrate 102, and at least one

conductive contact structure 106 affixed to the at least one active layer 104. In one
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| east one active |ayer 104 conprises Gal XAl N,
wherein 0<- x<_ 1. The wafer used in the device is the
wgabdsiodm2ai t ri de wurtzite-type crystal struct ureTmi2003/041255
the present invention, which is substantially free of
tilt boundaries and has a dislocation density bel ow
about 104 cnR. I n one enbodi nent, the dislocation
egbodiment, of ledse aneysetivie dayeuchOdr eomprigps| Gw -1.68LIwN2 . ,P-As,,
nd .i not her odi nmen bel ow 100 cm_ 2. reover,,
THGRD it D g oo S avs b TGood embodiment, a
: ' ' eJ VRN i ment with
IS ARHRPIAREL BB SRRy RnlRA ERIRLTCS
(0001) face for superior deposition of photodetector
Thewvafer steduatthe devicd 13 thh @abiuenpitdde wartbioetype dryssdlatvacture of
i n Figure 26, the_photodetector 100 has a netal -
tae A esHAd dRteatoRre PRICh( MeRYPstantiay uitee RAviilhPoandatisgsend has a
[ g "nThe2a | ¥ r .
GoREh Uit DRIy hhe 10T 1 b€ BThoBRRnE Ble ot density
of tixsériethiestrbioflire Brdlow MODAA-2e RPN dtHer eMBOPHIHE DeloH 100 cm-
K/{AIInle',PAs,,,, wherein 0<- x, vy, z, w-< 1, 0 <- .
aeayer,1in efredembedimenttthg GaNiwafers hawst dp001) crystallographic

b%%ﬁ%ﬁ%)@mog%ﬁ@%w{ \Sﬁﬁfa e(?%%g%ﬁltg{e)\é%gml) ]?%gcrﬁ]ail%dén N-terminated
(DOGT faké T8r dup¥a6r dePbsifidh oPFhotSRRGTL eyt dRRGHresand

typically has a thickness in the range between about 1
nmto about 10 mcrons. Additionally, insulatin

In gyeepxemplary wpibediment ppsvmincigpiedo, ﬂ*@mh@mdteteatoiréﬁg bes ymetal-
Q. . 10 ' ith .
83081l PSS SHRSLE BB 1BROBN BBRsThifTor. The

lenbecictivt Najet L0LisIROnsI MY Tagérnisposed o alsiitfyceddf substrate 102
Schottky contacts 108, is disposed on a surface 110 of

apfisilogeierponiaast, coowrispsGahownl: N Fi-glwtey.28hergarbe wky 2, w <
L5 P AL o/ B0 R e e
15548 09 TcoRipFK& Gﬁﬂ%f%ﬁé,l Wherfin P £ QN He RsHISSRERYEY 04 can be

chot t Ky Cont act that contacts insulating layer
doped pbsunduped.eandltypically bat adtickneyein thaotngetwiwden about 1 nm to

P 4D GBAARL on OGN i Py BRERE 76 A4 CoRteRly fasy 8 coor

' ; i t1oleasts. | : -
SHRTSEOIS ot St Aol 0t o

imsudatipgellsinenitn de alorslontiveceomtast stoudturad 06, dongprising a plurality of
i sadvant age, qf . havi n oor .opti cal..transparen

SRR cetrboB s popetoals SuricBal P REnstRIEE ey (0% « ne

68 WD 2004/ 061923 PCT/ US2003/ 041255 phot odet ect or.

ANilpwadin Fgure\8! SenmRtkYeolficiRal 08076 tabildystaiBat with Peshb8&@ S0 each
such as, but not limted to, tin oxide and indium
otharddnjanstexamplss theobchiottky meniantst i08narpinadle affrickel and gold. A

portion of a respective Schottky contact 108 that contacts insulating layer 104 is

X

preferably a contact layer (not shown) comprising at least one of nickel and a nickel-
rich nickel-gold composition. Typically, the contact layer is contacted with at least

one of gold and a gold-rich nickel-gold composition.

Metallic contacts are good electrical conductors, but have the disadvantage of having

poor optical transparency, which decreases the light—collecting efﬁéiency .of the
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corresponding netal. Anong the materials that may be

used as Schottky or ohmc contacts are palladium,
wohedsioaers gol d, al um num tin, indium chron BAY/US2003/041255

nickel, titanium zinc, and oxides thereof.

Addi tional materials that nay be used. as ohm c

gont acts include, but are_ not limted. to, scandi-um

phpiogelisiam Thn AL e RTCEHE Sy ding eegpetive TgpRl exides Such as, but

a £ t e A
AP SR PR g SO ffon v, e
ceprespbadiag mettlo Amonfdhe nikidiabd thah sialy el wgd lagySehottiBAor ohmic

Al ternativ oftk cts 108 my be eposi ted .
COMAYS i m&ﬁ@&@op I S50 41 G iy olad i, qhgemivgh nickel,
tRRATh CHAR AL 6;9&13s thibt,  ARRHIdhr fna&namha' B8} 58 UsOE Abhmic
evaporation are di scussed here, these processes are
comtacts andlade; dnd i e met! linitedt o, |Somdlulf1 zineoniurs} tamtalum, tungsten,
i nventi on fact n al ent process can be

CORRSE Slﬂé'erdgﬁé?éw @éﬁ%‘ietqégﬁggﬁ%iﬁct s 108 onto surface

110. In another enbodiment, an n-doped |ayer 112 is

16l HifeRasedibeitwWaenn st BRtFighe, s&%uﬁp@oma&yh@g ¥ bel PYEred onto

104. In the enbodi ment of Figure 27, the photfodetector
spifecen bl af Plsulanngtlathe Mﬁmtlwlm,c&dmtkyazontaatspw may be

dgﬁ(% 'g% @Bgcbé\%?ceafnll d do e alt1§g t g%efoé@lgf} g?rgr? ﬁ)leeglgl?gvaporatlon

Whitko pemtetiay and 203troh %Bﬁlﬁ&d/ap(b’raﬁols dief dis@is8dd%n ¢, these processes
i nsul ating | ayer 204 opposite, n-doped substrate 202,
asnHels Gonsideigd rlgmzarlons ST @@ﬁaﬁtgmwa@t&n hyataghs @ny ieduiyalent

pPocdQPED dey&l 16 8&9@0@%’(& c@n% '3)% ontt@ ls&llfzﬂ:gslsl 0! Nt Bother
range between abot nrn

ehbedinadni, ey h-dyead 2O Tﬂé?&sahsfpmmmhdatweerawbseate 102 and insulating
con tration of up to about 1018cm*3. A conductive
lacyﬁﬁigzgt structure 210 typically conprises a first

ohm c contact 212, typically made of nickel and gold.

Id g éﬂlﬁ@&lm@HﬂTbﬁngﬁfg 2L tthe pRotodetdétbt 260 hhLa thieN‘c §t1'il§fure which

p- doped | ayer 208 and ‘a second ohnic contact
ntcwﬂe@ aln- @omé@ebsélfatet 1@ ph insukatidg layien A disposed Oafafsuxfe@b 206 of
ubst he fir
il SuliE P05 488 o R ifhea HP Aol S8 piafise 209 of
u?s@l’atmg RiyetC Q0% agpdsay efi-dégl @a@h@ra&f 2@2 lag agHow@dNen Higure 27.
ni ckel and a nickel -rich nickel -gold conp05|t|on

Insylbqtl@aﬂ@xﬁr 20fand Sintt acdoned yasrer 208 cpch haygrearomainalthickness in the
ﬂeﬂ%@eﬁ ﬁ)%?\t east/éo &)Ql@%?%l%?(%\% ?é%%a@%é%? %;-ltzl"r:ﬁé a nominal

risin one 0
cmﬂrfekedmog@ﬂrﬁloelcum@% hb@n.lo%ﬁln-’g the materials t hat may
be used as the first ohmc contact 212 to the first
p- doped | ayer 208
A conductive contact structure 210 typically comprises a first ohmic contact 212,
typically made of nickel and gold. The first ohmic contact 212 is affixed to the first
p-doped layer 208 and a second ohmic contact 214, typically made of titanium and

aluminum, is affixed to the n-type substrate 202.

A portion of the first ohmic contact 212 that contacts first p-doped layer 208 is a
contact layer 216 made of at least one of nickel and a nickel-rich nickel-gold

composition. Typically, the contact layer 216 is contacted with an overlayer 217
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are palladium platinum gold, alumnum tin, indium

chromum nickel, titanium and oxides thereof. It is
wanderesinsd that these materials may be used tectmsmoandi2ss

ohmc contact with any of the p-doped |ayers

descri bed herein. In the enbodi rent shown in Figure

27, the first ohm c contact 21 tered onto
comprisigeatdeast gpe ohgold gnga goldu d’lﬁ%ﬂf dggnposition. Among the

m ehglrs e S/I% ruskd§ {h'e rﬁ?%c 0 Eorﬁgé%?tlg% th%]fgstgﬁaﬁoﬂéﬁ layer 208

€eposi to sur ace irst p- ayer
aré @BIIMum,eﬂale@ﬁum,rgoﬂxig ainrmmmmotm,tmduum dhioleumpuoickely fitagium, and
and el ec‘ér on, be m ev por agl on are , di scusse

h , ;
olssBeisPh ¢ eis QEASFROR Ohat e A GRaS qUAPeRE PG P APTh4g ohmic
cddkact W?th'aﬂzto?mep H@é@qwe‘?@desbﬁb&ﬁ%mnany equi val ent

process c be "us to deposit first ohm c contact
212 onto surface 211. In Figure 27, portion of the
Ins’écoambondimcm showmamFlgum Ahahe @Mtc&mls cnntaytp%IZ may sputtered

ubstr 1,S ferably a 2
o 6T 2t 1% R SR A AHer BTy the fist ohmic
< c«ﬁﬂté&WZﬂQ%&@%@Qﬁtpbélfbﬂ onty Ruffadd Y11 biehe @mqﬁﬂoﬁeﬂyﬁyeﬁm by
is contacted wi an overlayer 219 having an

elg¢tromi hgamrm@ponanmn“aﬁleamuﬁeﬁam %@nﬁbgﬁrqn am\eyappiabioy are

d%%u%% cfrﬁér ’n elng egoc%%se% ( a? eggggge g%lﬁ%fgg qgﬁl‘tf&ho%}%fttpgtmstant

infver¥idng dint fact, ahyl BipivATentSaceds Wi b ubahioldapogit fiesdohinia contact
tantalun] tungsten ni ckel , copper, silver, gold,

21a0mp sWiface?d lrare earth metals. It is understood that
these nmaterials may be used to form an ohnic contact

In&gg\rn’ ; ﬁg; rt'i(iheofc}hg E&%ﬂd ohﬂﬁ'@fi&t&t‘? Q‘fﬁf kb ‘éoﬁ't%t@ 'nf{ypﬁ§1bstrate

secon m ¢ -cont act may be sputteéred
2@ isopreferatie aseomsct &tyer 208 .typlédltymmnpnsw@ g titaweosdth titanium-

ohm c contact, 214 e osi ted, ont he n-type, .
ALUFHUHR AGOEPOSHIPDy, @&B%H%@% 185+ 2B ok, SGRiE with an
ovdialELS 1 NHa@ARg o8| BGhinam-REAMAUARARIhOR coﬁﬁﬁbsmon Materials

di sCussed heré, these processes are not to be

thabmmy dherusdd ks fiet seconshehmic qontact Ak4 that contpsteAttypmsubsirate 202

e rocess -can 0 t ,
bt e, B RASR SRR, S Gty EPRABh anttum,
stE:1|i1 Qnﬁ{ﬁl) %ﬂ)ﬁﬁﬁnkﬂx‘a‘dﬂ opld,| Hhﬁ’ﬁuﬁll,lﬁﬁd Zaofe epiio iRty dcisamderstood
urt her conprlse a second p-doped | ayer 220
ﬂl@b ths>s¢ maﬁgials wey drakpd & fgmdepebmig epntant Wiy eihthe zpdoped

1%998%%$¢ﬁ%8%§%§ PCT/ US2003/ 041255 nitride, disposed on

surface '6f the first p- doped | ayer 208 opposite
insulating |ayer 204. The photodetector may further
Aschpwi,sthe aecond dhped coraye 212 24ay be sputtered onto n-type substrate 202.

Alternatively, second ohmic contact 214 may be deposited onto the n-type substrate
202 by electron beam evaporation. While sputtering and electron beam evaporation
 are discussed here, these processes are not to be considered limitations of the instant
invention. In fact, any equivalent process can be used to deposit second ohmic

contact 214 onto n—fype substrate 202.

In the embodiment shown in Figure 27, photodetector 200 may further comprise a

second p-doped layer 220 comprising, for example, p-doped aluminum gallium
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conprising, for exanple, n-doped galliumnitride,

di sposed between n-doped substrate 202 and insul ating
woayaroe®24. | n one enbodi nent of the inventi onPel@smoBN41255

Figure 3, insulating |ayer 204, first p-doped | ayer

208, second p-doped | ayer 220, and n-doped |ayer 224

a nprjse Gal , erein < X < oln, )
ﬂ@%ﬁ OSehBB & %ﬁ%& ﬂ'@ﬁvﬂ}t fﬂﬁb Prdgpaf 1%220% opRgsite insulating
1 efjoﬂﬁd | pyer piR et RFORM: pﬁﬂ%&?dcérﬁyﬂe %ﬁon-doﬂ&fi layer 224,

doped Iayer 224 each conprlse
ctxmpmﬁhg,l dgmNExamplez As-dopedppalirinm mmdex dlyposzd between n doped

oGRS BT T e b o BB SE Mo
Frafet tlhs‘ulg’tﬂ{g 1a96r HRY 6L plddpelhiHRr 208, lseesld épﬂkﬁ)e@qgﬂre\‘ ©20, and

["ayer 302 conprises an |nsulat|ng ’ayer di sposed on a
nsloptddey30224bfeach 'coulpsise dbm 208y, where 0s<t ypt clal | jn another

either an n- doped aqr sul n ubstr

cBlptient e Bt S0t BRLP doBtB S Sriagd Pore BT 220,
f

aﬂé‘g d%‘g??fa& & xegﬁ%mﬁ}]l%es u|gl F_:” &nlainlv aly/’ze_rﬁ%‘og vg}ﬁ %5? 532w

slleasﬁx ones dhund® <ortaetl. 312, typically nade of

titani um and alumnum is affixed to substrate 306.
The insul ating | ayer 302 has a.nomnal . carr

It he ertemptary Fmdodiipent oshopuin FB88EmS, the npwetector 300 is a
S?l'i@lﬂﬂ/' YRR RO WhidH SYERt 813 @@1%% %%Qﬁlgﬁgég a‘ﬁqﬁsulatmg

er conprise a first n
ldyet vlﬂpnsadLmsarsatfeceBW afid 'siubstrdtaBOﬁ,gwha:yels tﬁlﬁiaallyThldler an n-
t hi ckness_in

b BB OS2 R £ SonBBYE ComsPhER g 2 pomprising
aB QLN Bhe FXROHYTBH tactPHQ), Cigﬁl 85 %ad%o(g“ Hi%l(elf z!tHdt B, affixed to

conprise a second n- dope ayer- 316, typicall
n@uhpngémng3ﬁ2dmgemlgﬁtbnmnhmutanﬂ@i3ﬂhabpusﬂydmxbaﬁédmnwn

t ween subst n- doped | ayer. n
o PSR iR ed 16,8 BRGAdshs B REe JFE 307 Joy ' fominal
chx?i%io'béﬁcbﬂtﬁatfé%"é ?%bﬁ&hqol%ﬁ@ second n- doped | ayer 316
contacts at |east one ohm c contact 312. Second

n-doped | ayer 316 has a nonminal thickness in the
In ghegembedimsahsheyouin Figure 28, phsdedetertord Wy may furthereenprise a

t.h t
RO s 31 BRBalEER e P 3o 6id Syt Bl A, The
fhrswﬁdop%aélay@mdw@@ Qﬂfbnﬁnéiotﬂﬁﬂinés@)dﬁ rthe3dhge detvee@PHLISEnm to
Al N, wherein 0 x< . I'n anot her enbodi ment,

ab@tt 1Pemicygais ¢ An anqillmﬁnsbq@%aﬁﬁi ﬂlow@t@cﬁmﬁo&mﬁgﬁuﬂhg&@m@se a

sgc]ogg\gé gQ}? s S%g %j 6 P%éﬁ%&g ggilggésliﬁg %&%ﬁ %21111 nltrldeh that is

dispogadi l&aweeﬁaﬁubs_tya% ab6ebhd fikt Asdoped laM&EB &1, nIrDthiis_embod(ment, the
z, w< 1, 0 <x +y< .1, and 0< z + w1

- substrate 306 is typically an insulating GaN substrate. The second n-doped layer 316

contacts ‘at least one ohmic contact 312. Second n-doped layer 316 has a nominal

thickness in the range between about 1 nm to about 10 microns. In one embodiment

of the invention shown, active (which, in this example, is insulating) layer 302, first n-

doped layer 314, and second n-doped layer 316 each comprise Ga;_,Al;N, wherein 0

<x < 1. In another embodiment, active (which, in this example, is insulating) layer
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A portion of at |east one Schottky contact 310 that

contacts insulating layer 302 is preferably a contact
woOaymrocB®8 t hat 'conprises at | east one of nickel/uamd3mas12ss

ni ckel -rich nickel-gold conposition. Typically,

contact layer 318 is contacted wth an overlayer 319

S Rert BoPack dapos P fofnd stctpuh st dopse 16iehot | §yeach comprise
ont @ 10 LLhic A0
S e Ay t%QSE?f%V mlemang =z tws1.

Figure 28, the at |east one Schottky contact 310 may
Abporsiphltof et éehsooheo Scinsthlyatontugt 31 @ ytent .c80cts insulating layer 302 is

péllﬁérgglgggéﬂ\ﬁg ;l.@%? giétg k %%B%?p%étilo ALy B’g’é]l'fgg an%l a nldkel-rlch
nRUEPIALbAPBosidEiL.! S@@&ﬁ}l ebhiae 134 3qlgq§ LhRActe@ T an overlayer

evaporation are cussSed here, these processes are
3 hQ)tompn:hng ablesstdae ed gbldmrldeet gcddﬂ'whfnld;kebgo}dscroamosmon At least

entlon ,_an e | ent ocess n be
opb SRt dontsth o bt & i Sen it el e ‘g%}”ﬁ‘@“ Dol
1393ns A R0t i ®Rigbnat | east one ohm ¢ contact 31-2 that
contacts substrate 306 is a contact |ayer 320,
preferably made of a titaniumrich titaniumalum num
Ic Brguos 28, %ﬁ at leaytm@a‘ﬁql*@ttkyj epntaeit3 10apay bgsputiesed onto insulating

REARE SO Sl 3 R BT BT v

362 blyedstrofaNRamheva oﬁﬁﬁﬁ aWhiBlsputterigpuiid eleeloroBéan evaporation
substrate 306. ternatively, ohmc cont acts 312 are
arteiopistedchasntthess e eess aranel t9ybectomgidersd Lisidgtions of the instant

iV eRRGL. Bl 130, alwﬁé aléﬂ?&c&%ﬁ J &4 b% eflE& %()Qi@ Spl’?(ﬁﬁgy contact 310

evaporation’are di scus ere, ese rocesses-are
ofiotingudathigr laperSiodered lim tati ons of the instant
invention. In fact, any equivalent process can be

WSELD Senec ol € Conlacis 12 QIR SHEELI A 0%
%Qg 308068ty hE@slorof etltglflluﬁlcltléﬁl QitantidedluhBhm 2cQ>ﬁ1p031tlon

02 fufther conprise at |east one n-dopant, typically
Tyelcelly,expnfacbhayeh320 igreontacted vethsan ﬂgerlafyers?rzlu leying an aluminum-

nanlu The n-dopant is typically
r@ﬁtlltaé%r& W@S%@?P@altﬁoﬁ at | east one of substrate
102, 202, 306 and at |east one active |ayer 104, 204,

[303e eAlbolinidit,| aelkyst ohb@hiiiclopanit 312 ik Kphissttd dnionsubbtrate 306.
| east one of substrate 102, 202, 306 and at | east one

lﬁmz\‘y@elyag)bmlqgmta%ﬁlz agaepgsitedonipebstiaiegdg by electron beam
e %Igr%owlﬂsﬁ&gg)ﬁéé?n {hdﬁé‘&‘tﬂ&ﬁ%&ﬂ’%@%ﬁ@i&% rﬁ‘fe dﬁgagszsed lénere these

esent i nve east one of ate 1
pd@esserdrahot walst ccmsﬂiecéd lamitatims| ef\the idsfaht i2@htio02n fact any
further conprise at |le

equivalent process can be used to 36}‘)081’[ o%mqé contacts 312 onto substrate 306.

In one embodiment, at least one of substrate 102, 202, 306 and at least one of active
layer 104, 204, 302 further comprise at least one n-dopant, typically selected from the
group consisting of silicon, germanium, and oxygen. The n-dopant is typically
epitaxially deposited in at least one of substrate 102, 202, 306 and at least one active
layer 104, 204, 302. Alternatively, the n-dopant is implanted in at least one of
substrate 102, 202, 306 and at least one active layer 104, 204, 302.
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dopant, typically selected fromthe group consisting
of magnesium calcium and beryllium The p-dopant is
woyppi4paid2y epitaxially deposited in at | east oReT®S2003/041255
substrate 102, 202, 306 and at |east one active |ayer
104, 204, 302. Alternatively, p-dopant is inplanted
1y SaeerRBORUREDOT Do ok Voo e PR ghsibsTate 102, 202,
3??@9@%@&% ohd8E Qgt'ﬁteefégf&r 1300042962 ﬁﬁ@%r 3 mipsiSd af Ttad one p-
ame detector adapted’ to detect a flane in a
doparibu tytpicatly clebaetedr fromothesgrowp )condiktengs vbintdgnesiemy yalofum, and
each of . the actlv ermn

. 2 d
PR Tt PG R Bt 68 A SEBtrieddn B TeRS Ry oF subsirte
1@@02023@@6 bRd aarebgt%ﬂeaarcw@}a%lem 19405022 RREMAIFRINES- a@pant is

radi ation. More specifically, the relative anounts of
implanttidfin et ast anstafissbitrate he2, 2021 306 andyasrleast Py active layer 104,
zséa@ the-relative ambunts of alum num and gallium

| ,,AI XN - determine the wavelength range to

whi ch, the photodetector .100,- 200, 300 will respond.

[Pt ef®beiaica, phdthdeffdr 180020001300 hslﬁsehentauﬂﬁﬂe Hetector adapted
det ect speci fic wavel engths of radiation

teldetectiar flamep iarp commbuston alga@abex upt sheyun). 36be ﬁawhwgiqﬂb@f each of
tﬁeomg&]g@ gépg&sgwfr‘ OFROSHS h&%%%@g@h&%élﬁﬁ?g{es&{c&gg BRdtodetector

éctotrs nma to noni
.100f f200£r800eto q&rtmmlerramgesleﬁghs fdfaﬂhcttrﬁl’mgfwb uradlatlon More
det rm naﬁl on. .l n anot her nbadi nent, . substrate
spesst caélofe esTelatiyg) FPONALHIOL rthfa él et ogials o sy 3ivR a%Ff — for

a
Refleb et Eamati b B WA i ehel AN Shbibmine the
vﬁﬂv&leﬁgﬁht irgiged e@Stwm)chOfthd: elslﬁ)tcbdbwa:t(ﬁbd()() DHc 3@ will respond.
l[ium-nitride substrate 102, 202, .306 has,_a noni nal

P#lequgtepw 000200 30Q sar thusobe tunsgste. detect peeifisavpyakingths of
rhdlgi sl 4 osPin}ér hHe, c%f\'zgsf &t 904 Q§4C§n@§ hg@@% WA @propriate

resistivit ess than a out 105
coirtppsitien.s dbsimizEhatidhORf, at 262t tv8® Bamealetactind ynaids wed to monitor

BRI (RS R0B e 1t QHERalSTPoTY e AT Ao In another
cfibRlinedtt, @BstERO$01, )QOQf 306 18 2 all A nRBAI$ubPAe @gmpfmﬁg a single

gal liumnitride wafer has a nom nal diameter in the

cresta) gabiameignideatialier substantially fipooi tilt Boundariey anddipeing a nominal

th al.liu 4 dey r _ha ane
foehen Pesigeoblstadien Doghl 05 et gt PP 02 202
3'0@ Hé@t hielesRAR bf‘@'ﬁfeasttal%ut ggic).tym A‘lt&ﬁh mﬁy\%@ lyallium
laneter 1 n t he range between about
rﬁltbldetsuﬂﬁﬁte 2, \2@2,2@%41’1&&1&2&1%@!' bﬂﬁﬁ@ﬂﬁh%&ﬁt’sﬁ)ﬁm Gallium
one enbodi rrent t he gal l[iumnitride wafer has a (0001
natride isHPStsER é% 202, 306 preferably has a nominal dislocation density Of less
than about 10°cm™, and even more preferably has a nominal dislocation density of

less than about 100cm™2.

The gallium nitride wafer has a nominal diameter in the range between about 3mm to
about 150 mm. In one embodiment, the gallium nitride wafer has a diameter in the
range between about 12 mm and about 150 mm. In yet another embodiment, the

gallium nitride wafer has a diameter in the range between about 20 mm to about 150
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orientation. In one enbodi nent of the invention, the
phot odetector is a quantumwel | infrared
wohoispdenect or (QANP). Quantumwel | infrared PCT/US2003/041255
phot odetectors are used for detecting infrared (IR
light for detectors and sensors and for imaging
appl.i cations,_bein sensitive to 6-25 minfrared _
g4l g Embedamenty %ws gy pigideo pgfar shas qknm)QQl@LI qystallographic
: : wel | layers, where the conpositions an
O?]Lé?@ lﬁlg\nsses of each Gl _yAljnyN _,,,PAsv,,, wherein
0< X, VY, zZ, w<_ 1, 0< x+y< 1, and 0 < z + w
Ineink camebdiomenti afr the ayremntian ethe hgimendesaston it aquanhen evélk infrared

' t d at t . ited state | .
BA0A%GERT (P h et el o SRL by S 6 somdsed br dniscting
iRfpRE@ IR BEBY forOfetébi8T SR senkbrsY&ld 8ROMMin %%agg{g’ being

of the i'nvention, the photodetector is a qua
semsitiver tod62Aono defrerst oradig@pi.P) ThetQWHP stwourd semprises multiple:
mul.tiple ers of .sem conductor ..materi.al

. ,
e e‘,’velll1 ?g?ﬁeﬁ%t i o%]?eop?orﬁp?fétﬂqnﬁm Wt ti‘b‘ikn%?ﬁ%r of each

OHLCALIENY ES PARs A wheRhid 8,05, Oy &N G £ 167 < Whinfdo Wil d 4 < 1,
_may "be opecrto provi de carfiers and for ‘
vedlnahdcharnér lnyeraaré chasen lsaelr thet thiessysronetgraindcsiate ad dopodt one

canti nyousl y. or dul ation . doped as sho to_provide
i BHE T raptres Bt SEpUAtiop, Sty Rrrepands to e hgon energy
ofiuagksm dot layer. On the GaN substrate of the '
invention, which is substantially free of tilt

boundari es and has a dislocation density |ess than 104

I iiep anpther qukadimentiof thatieydntipn, ﬁwdplm<r)<¥dt®torrr'ﬁt erquantum dot

if$R00 SRORGEREROPIRY Wit fses! FRATAY 4oy 0508 sGpicpauctor

mieriats, iheexaamnlig a0 bottdig b ey, b ottoRt @htart 1§¥€ &@dsh serves as a
trat of the quantum dot material. Figure 29 )
cpileqtiaty Phias cmItRE WEKhAYA gpavrdie dgred horewide eerders and for

e300, 8 MG 8 A0, EAXOUGREr Ly Hhottain
d8pd&l as shovinctagirodde caciersvand fay eondi@dyity? Gdd aB0stla Sipsd gj@ahtum
0 alltumnitrjde substrate 102, 202,. .306 and at L
BL13Er. o8 b b ptvBtiEaH e et 1%@1%8?9@91%3 frge of tilt
i s to k- - ! i |t '
i3l LR b Uyt SR 3
add Baciermratesab eddhecontpeizs Gafi -, 4020, B QV,PIA§Q whetsih DIy, z w <
nitride substrate (102, 202, 366); 404 depositing at
1y Bast +orelaadiQ sz tayer 1, (viloae thedendgpf thnbarier materialienceeds

t%%g&%%%%ggﬁﬁmgj / US2003/ 041255 nitride substrate

and 406 affixing a conductive
connecting structure : . ‘
Figure 29 illustrates a method 400 of making a photodetector 100, 200, 300, wherein

~ the photodetector 100, 200, 300 comprises a gallium nitride substrate 102, 202, 306,
at least one acfcive layer 104, 204, 302 disposed on gallium nitride substrate 102, 202,
306 and at least one conductive contact structure 106, 210, 308 affixed to at least one

of gallium nitride substrate 102, 202, 306 and active layer 104, 204, 302.

Method 400 comprises the steps of: 402 providing a gallium nitride substrate (102,
202, 306); 404 depositing at least one active layer (104, 204, 302) on the gallium
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(106," 210, 308) to at |east one of the at |east one
active layer (104, 204, 302) and the galliumnitride
weubsiowcake (102, 202, 306). Step 404, whi ch cORPTIUSE®3/041255
depositing at | east one active layer (104, 204, 302)
on the galliumnitride substrate (102 202, 306),
cally co rlse |t| easf Qne actijve
mr[féts}ef‘ru‘?étiﬁﬂ (1 &63 b‘iﬁs lxéftgg%\ﬁ? UGBS FOTPIeE RS structure
i % I |
028, R g8 %ﬁ?éﬁ%@%ﬁ’@é? B SRt DR R 502} dd the
gaibmneﬁ:ﬂdidagutﬂtnatedﬂm,éZOIDEM)ZlO 308 to at | east one of
the active |layer (104, 204, 302) and galliumnitride

substrate, (102, | ude, ei t her
S8 Phebinheng R Ronran Mo Bt iniage ({1804 A the
gd1038m BirideQABStrR €102 bDY 8306 y 1c(111§r)é@m§ﬁ§es &Q@mﬁ‘@ﬁ Teh& one
~“galliumnitride substrate
acaivteéayea(mﬂerzw 38Rpby metal bwmce‘mpopbasp wglt@ym;t altgrnaively, by
n at |east one of the at |east one active
rqoi%;g{a Eela(ﬂe %X 302) and the galliumnitride
substrate (102, 202, 306). In one enbodi nent, nethod

Steg 106U vhivdr coniisedl eSixinpea sbiucd i c@inebnﬁig)ﬁtpm’aa’em@g ato 308
| east one dopant into the galliumnitride substra
t0( atdeast ppg of g’gf@ctlvg s 40, 20k TR @pdgallygsnitride substrate (102,

I
2RSS0 s PO, AR I e o

atelehdt ik altiye t@pto@iozlj B@4,&30@9)pﬁditheag'céhum mitride su’gsifalté @2, 202,
nitri e substr 02, 20 306) abI net al
3%%% THALIYSHY, %ﬁ%tsr@l 3P ffvmrat% bl B ot pfgest oné of the

t I
ggtrgglgiagrrv@ 5&9(31%99@@ 3@9% ?H{i %pelt gﬁlaggﬂlttrrﬁg sgg%gdﬁgaoz 202,

3®®e galliumnitride substrate (102, 202, 306). It
shouI d be noted that nodifications and alterati ons are

e QR Mt Y0 oSBT B s

of®d¢Faintd heiANRA hivelessubsikdtal @2, box, 386)e appl i cations
it my be advantageous to renove t he substrate after
depOS|t|on of one or nore, epitaxial, |ayers.

408e whaghoeampyses rmyrn?éataesat rleast gne fgpant %gﬁﬁhf‘e galllwndﬁtnde

A B0 8 S0 AR o 0
galiibsi niafide, substrate. (192 hi@h 306))v1ﬁefe|:w]ry bg metal bieganicheapor phase
actlve | aver cl oser

| d
ATy SN JBRTE gD FrET DS A 1 bR s nitide
s%ﬁ%éa l102 f2 obh @0@:&%}5 frﬁﬂaﬁt@bhe hﬁ)pﬁﬁthrheﬁ’lg Galiind ARREO Qubstrate

I shi'ng, ling, |ase
(102 202, 306).
It should be noted that modifications and alterations are within the scope of the
invention, for example, while the detailed descriptions of the device embodiments
contain the inventive substrate, for some applications it may be advantageous to

remove the substrate after deposition of one or more epitaxial layers. Removal of the

substrate may be desirable, for example, in an ultraviolet LED with an emission

wavelength below 365 nm so as to avoid light absorption bv the substrate, or in a high

power device so that the active layer may be placed in closer proximity to a heat sink.
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i nduced deconposition, or by other nethods that are
known in the art. Even. after renoval. of the
weubsiowae, the device will be characterized bycoms28/041255
nore epitaxial |ayers that have a dislocation density
bel ow 104 cm 2 and. are substantially free-of tilt
]_boundarl es. EXAMPLES. The. foll OV}/I ng Corrp,ar,at i _ve ,_},
: 3 € (35 ot 1Ay DCERCRIBNEG bV lapning, SIELS

rgnowal ofitke bubstrhie, freedmite wilhyerhiracteribidt baoee pr awird@gitaxial
for corrparl son pur poses Corrpargmve Exarrpl e 1 0.1 g
1 ; Hp s typbedens d OF gny ialy dreg-of tilt
bbﬁ%gugganeter S|Iver capsule A baffle with 5.0960pen
—area was placed in the mddle portion of the capsule,
and 0.31 g of polycrystalline GaN source material was

EXABHES| The hellowier Chalpbradfe tE)anqﬂms(ﬂ?c&nparéfh& Eapspiee 1-3)
was HH@? encl osed mnthl a fil r/s all assenbl y

aregyayides foficomparizpndg ahg heampley "sst g¢t ring. The

capsule and filler/sealing assenbly were transferred

"I‘h@ @orﬁﬁ@raﬁ@" Ek@hpledtd hbt h&dsl BnRRutd for ﬁ{'@@'?h@ﬁresent
a plug was inserted into t'he open top end of

ut&@pgm,é)ut gg phoidhert fop coropartbongiutbosess f or med bet ween t he

silver capsul e and silver plug and the steel ring
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S e o
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phemnard the capplepand@t &lgyofidlwerastallihe GAN surdehnsterial was placed

BRIl B 55l b LETRSLEL68h hhcaio

SR doLdRER L B 0383 HRAN APRSANGebN SrpAPSTE APAAE and
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ﬁdﬂ@dmhngdmnﬂoéy alese trensfernisk tor ¥ @ds atanifhlsl ot fided whtht W89 g of
t bmately 0. 36 '
Bkt o etiad PRl T SRR RPEhlorcod s ibael, m hat o

cbld wé‘lﬂ wis R2BeLbbeed Ghékilver Nap&il€ Bnd 'sﬂﬁar‘ﬁﬂlﬁ§and the steel ring
observed. The area of the exposed c-face

seppinsieel rhe @lug 8nd providedsregprcemea. c dibp rf‘gpwmtwas Hbeererroved
ﬁg)ﬁ2 tlgeB?;iﬁ }/yeayx‘ﬁé A& 1;7 I'glg ge]r(efl Sx 198 gt?gl) {1%&1 nérggsg.re high

|ca etchln
19 &aRﬁT THS20103/29hd4&bt0 ﬁixlnﬂatetw(m@%d held

mt hi ck pi ece of GaN grown by hydrid %ﬁal i de vapor
ap s tenasrataxyior §HYPES, Withd tsmpelta@he gradicng 9§ ﬁp}gxomna@m ®@5°C.

T(I"lréncgll WS thoeg 50168 Qn(? pentn&%d%om S press.

Upon opening the capsule after venting of the ammonia, numerous spontaneously-
nucleated crystals were observed at the bottom of the capsule. One crystal
~ approximately 0.36 mm in diameter was selected at random and etched in 10% HCl in
Ar at 625 °C for 30 min. No etch pits were observed. The area of the exposed c-face

was approximately 5.3x10°" cmz, indicating that the etch pit density was less than

4 .
(1/(5.3x10  em2)) or 1900 cm 2. By contrast, the identical etching treatment was
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Conpar ati ve Exanple 2. Three seeds, weighing 3-4 ng

each, were placed in the bottomof a 0.5 inch
wdizeomcen3si | ver capsule along with 0.10 g of Re#f@S2003/041255

mneralizer. A baffle with 5.0% open area was pl aced

in the mddle portion of the capsule, and 0.34 g of

pol ycrystal line. GaN squrce materi al aced | t he,
appligseio {0 pptthick piece 95 SNeerOVR &@@éﬁa e ﬁé&"%ﬂﬁ’éﬁ ase epitaxy

enclosed within a fill eald n I oget her
37 g 0 S A ot C e, e hengd opbS BE 8 o

and filler/sealing assenbly were transferred to the

CHgsariRY Eolfhiand frhldeededy, t\%%hl{%g 334 Qg BNIDRIcRe pMRY¥A in the

e plug was inserted info the open top end of the

bottapsef £0.5sudhdiameter ailee] @pswé dlongsvitfiod A8 ¢ ofdHuB epinerglizer.
sil ver cgosul e and silver plug and the steel rijing

A baffreowith Sd0% Hwep largy ywplaﬁdom @@dmdéiw@“flelwlé fhe Capgale, and
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agorom mately 500 C, then at 0.0Q46 gGg] n to 700C, mg{l

a R7§ ‘ach (ciem3ten sicek rmgnpafhatqﬁp@ﬂ? Sndglifg(reaing pesgmply were

tra{;ngfépr%g% ﬂ{e%?érg%gfﬁgitangfﬁlféﬁ ?%ﬂérrg&gna fﬁ@)@t ﬁﬁlﬂlug was

was . then C rermve he press pon
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prdfi¥d rein ﬁ{t' ng‘h@ aldPsul¥ S ¥s Itl’lénth kEnHFe@WEBmOthe B8ler/sealing

Pl Eeds ‘occurred, relative to growt
assquobly ané tssityd muc ke@a seokecHPEHT: adpparamsnﬁahe@lell s matné pkabout

GaN seed, . wei n

1500<f7paﬂ1t%1appraxwﬂ%d§$99g’63 Bie 1. %W\fé/ﬁﬂ% 3%28‘#@ gllilﬁld at the
la% nge%gurgmfgf éﬁﬁgsd %lﬁ?ﬁa&n&lﬁ]@rﬁ%ﬂré&‘gﬁgﬁé{rﬁk %rf; ag?ltoliﬁﬁatglf’ 28°C.
Tlﬁ‘ékﬂﬂiluilzﬁ;,thétnébdl)eﬂafhdgembve(bﬂbmdh@'piteaé I i ne GaN source

materi al was placed in the upper half of the capsul e.

The capsul e was, then encl os within a filler/se
URGS ERBIE fs BBl EE N oRies e RN SIS CPaRpnestsly-
ndcldaged Jr ?cal%e\;pé'h”o%sé%%ﬁ fii fheajotiogebl 8 ApsRehhd, d/t@pﬁe the very

transfe to the gas manifold and fill ed with 14
slgwdieaangrmaneavelbdekttﬂe groethp bughevseedsnenspired) telatize tth éTOWth on
entoB,%g f th apsule such that a cold weld was

SplO PRedshel ‘ﬁ@s 1 ver capsul e and silver plug and

the steel ri ng surrounded the plug and provided 77 WO

Cgﬂgé‘x/aﬁﬁé-ﬁiéin REB A0S ehing! 19 Ning( wagphted ke bottom of |
a sule was then renmoved fromthe filler/sealin

Sesmimabidianagter VA eaeeld alongwitb KD o6 REH4TpRmeralizer. A baffle

ar at Th [l t
w1tﬁp 5.0% olf)%n areaewgseplace n tpxg ?mggle 1f)ort"1;lobnocl)J th%Sca%ule and(b 74 g of

- polycrystalline GaN source material was placed in the upper half of the capsule. The
capsule was then enclosed within a filler/sealing assembly together with a 0.675 inch
diameter steel ring: The capsule and filler/sealing assembly were transferred to the
gas manifold and filled with 1.14 g of ammonia. Next, the plug was inserted into the
open top end of the capsule, such that a cold weld was formed between the silver

capsule and silver plug and the steel ring surrounded the plug and provided
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approximately 500 C, then at 0.05 Cmn to 680C, and

held at the latter tenperature for 53 hours, with a
woeop@casr e gradi ent of approxi mately 70C. ThecTtasbkdo3/o41255

was then cool ed and renoved fromthe press. Upon

openi ng the capsule after venting of the amoni a,
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oﬁlabdut& finbh 8Hoiveedt, ticanEipey oﬁsip@ﬁianéddégl—mﬂ’@tecpélﬂﬁﬁisawas more
and filler/sealing assenbly were transferred to a gas

theadiOx sheiwaight micreaggiofithe beedd- 99 g of anmoni a. Next, the
plug was inserted into the open top end of the

I S t d hetween
ESHA . ASHF Ry GRS 0 MBS BE TR RO 6 s
coystat Wergﬁﬁfg IhEnfy. Ubheasedd ad tGetly & @1 IBE@hCERAvire TREn a silver

renoved fromthe filler/sealin

bg@gféﬁlg}e? \é\g%ogggggéqat@é nleeed in ghedower bE ofpPrp inch dl%meter silver
c@%ﬁﬁref%ﬂg\y i 08 OC@)% NYEp nﬁﬁé}ﬁﬁ% rab 7ar }foo%rgﬁaﬁﬂé GhN source

the Tenpefature o the
Rl s PRe@RPIRXIpFBL BilY o 88 Epaind frﬂ@ caﬂ%ﬂk%ést t‘HEI? eﬁélosed

the to hal f of the capsul e was approxi mately
Watéurrréip Hlgr/eaplibg apsepblK tagethenydhup 0&S$3 1ndihé1awtqrestﬂel rlng The

RS N5 6] DSB8 U IERIIELSERED v

BDtgede dn@hahiag Naxt, 8fle plug vfrd@;ﬁns?ert@@ ito thd\Epdnerdp %ﬁ@bﬂﬂfé @psule,
top haI f of the capsule was decreased at 5

Sl&ﬂhttfﬂﬁt B 9olfl vl ype dormped @q@wﬁmihmlwycassﬂ@anéﬁﬂvqrrpéug and the
or

SEEL ARSI S NS PDAED S sy e

rede4d OﬁdﬁZﬁl@Pﬁ]]bMﬁ%ﬁﬁ@/dM&ﬁlﬁ& arldp Gisetp@nnng Aef® stroke HPHT

capsul e_after venting of the ammonia, the seed wei ght '
apREAtIH HERT Gl Wi hﬁ@é@fg al hEgte a§ akput d 13/ mimypntilthe temperature of

th%rlyo%toﬁl ot c%llg?dlg%k}ag ra'pl%r%gnrrtl%ely 700 °C and the temperature of the top
half of the ¢apsule was approximately 660 °C, as measured by type K thermocouples.
The current through the top half of the heater was then increased until the temperature
gradient 87 decreased to zero. After holding at 87" = 0 for 1 hour, the temperature of
the top half of the capsule was decreased at 5 °C/hr until 87 increased to
approximately 35 °C, and the temperatures were held at these values for 78 hr. The

cell was then cooled and removed from the press.
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phot ol um nescence, using a 266 nm excitation
(frequency-quadrupl ed YAG. The spectra at several
woeop@casres. are as illustrated in Fig. 23. PCT/US2003/041255
Specifically the crystal sanple was characterized by
phot ol unm nescence at tenperatures of 5K, 20K, 77K and
300K. At all terrperatures in the range of 5K- 300K,
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SSERT oA B P 05 158 e S YRR o 1

gtdrem rfam@alzelf £ .ohe cﬂ‘lpbly@f}/sﬁaﬁﬁid GEN aﬁﬁea‘a{aver@m ebere placed
inserted in a zero stroke HPHT apparatus. The cel

iIY\ﬂE uppert lexdf @ﬁtha capsuke. Ofheadapsitle Whs Glenmenclondd withinen ﬁller/seahng |

at ur he o om of the sul e was
Eﬁ% i PREE ? élo aif% fimféerraﬁ@ﬂe B t hEhg ggpsule and
ﬁll‘léf/ §eaﬁf1 tagk%nﬁ?}p%feetraﬂ@?e?reﬁRQ rtﬁ’é( giﬁh%ﬂol@ 404 (ﬁlleﬁswrch 0.95 g of

nmeasur ed by type K thernocoupleS. The current hrough
amineonia pNevetl thegflug es nsattet inpmthetdpen tomendeafstbd capsulel, such that

dient 8T d d.t . Aft .
oy E S foPRed SRS e e SHHE P ie ang b el ring
stu@purided fihe lugd Bl pARSIdErelRSrERChEaTRE o@f)s@e @RI the tréthoved

6T increased to approximately 50 C, and the
ﬁioehﬁ’@rf'dlqmse@mge%éem@mndtlnsehtééen vaetresiraksr HBY Trappargfns. The

o5 o e BB B L R SRS o R v

i
C§V\§§%t ﬂﬁaﬁ%ﬁg&?}ﬁ @(i% g/? aﬁﬂttllli){elAr%éga?ul‘ggrsf tﬂg‘f gq{al’iséﬁhe capsule

was nappeixitatelit 640€Ce ashaeasusd by typgee Ke tfemnecaipiese The current
region of the seed, with- an etch (glt density of about

throeetethe sop heftel/be heptppway s ingrensed paiil the feapneratyregradient 87

004/ 0 4125 ect to t
dg‘gg‘y@d%r T &Py 65?1 %é{pl t 33({ Egﬁézl?rué’ L%?eonﬂje%ti}re e top half
of @eLEph1Y veHs QMBraRdd WesS°C/hr until 87 increased to approximately 50 °C,

and the temperatures were held at these values for 98 hr. The cell was then cooled

and removed from the press.

Upon opening the capsule after venting of the ammonia, the seed had grown to a
weight of 24.3 mg. The crystal was then etched in 10% HCI in Ar at 625 °C for 30

min. Some etch pits were observed on the c-face above the region of the seed, with

6 =2
an etch pit density of about 10 cm . However, the areas that grew laterally with
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approximately 3.2x 10 2 cnR, indicating that the etch

pit density was less than' -2 2 -2 (1/3.2x10 cm or
wOB20mwe192Exanpl e 3 Two GaN seeds, wei ghi ng 48. 2Cmysand/041255

36.6 ng and obtained froma previous run, were hung

through laser-drilled holes by a 0.13-nmsilver wre

froma_ silver baffle wth a 35% open area and pl aced
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of the capsule was approximtely C, as

wm@ah&% gdofymmypie. rNcm,ethmd@gj plagSnsefthe 1nto tthe epen tdp endgdif the

t heat.e s the reased, untj . :
cirigler SRt Rl SR RS REmed st e BN SRS Bid siyer plu
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top half_ of the capsul e was decreased at 5 C/ hr until

them rﬁﬁ)@w@hﬁr@m the ﬁlégfw@imgrmsgn?lys@donsm ohe zero stroke HPHT

oS L S RGeS o e Bttt @hp R by o
0P BRALBLIE ess GRRRHERaiRhy R0 e Bhd Ak @fngeﬁ%n@mfﬂé fop BdMeof the

seeds had grown to a “wei ght of pi ece
cipsokeewad kpprorimdiéle &i2afCeas nfeamhed tbyotype;létthéxmoandplms The

SR Chgheb e i 1ol ¢ HerdbruaethendnTaRion gl i (pmperature
g%ggyn §P Elf AR 5 Zero! NERL }fb'i‘cﬁ Y G"?o?r%glﬁ)o%ﬁttﬁg téngg?e?ature of
wavel engths ‘rangi ng rom red

thel tp (héﬁ"5of3 Mhel Jeapddes 6phsOdedrbRed NAeZ al/hf &inkiR@T ORndrédsed to
GaN' [G Yu et al., Applied Physics Letters 70, 3209

approgimakelnaa °Ch and medmnpergttms were heldyastthgse velug® 6omifi0 hr. The
oI35 BRI 08 nRlR. 004 00102

Upon opening the capsule after venting of the ammonia, the seeds had grown to a
weight of 219.8 mg. A piece broke off from the smaller of the two crystals and was
selected for analysis. An optical transmission spectrum of the crystal was measured
using a Cary 5001 spectrometer. The transmission was greater than 60% for

wavelengths ranging from red (700 cm™) to blue (465 cm™).

Based on the index of refractioh for GaN [G Yu et al., Applied Physics Letters 70,
3209 (1997)] and the thickness of the crystal, 0.206 mm, the optical absorption
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coefficient was less than 5 cm-1 over the sane

wavel ength range. The crystal was determ ned to have
wo-200ame1eBectri cal conductivity by nmeans of a ROTAR2I0B041255

probe neasurenent.. The crystal was then etched in

10% HO in Ar at 625 Cfor 30 mn. The entire crystal
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FGer B ran ey ar ehaor s Rl AEL G il P57 of
arRBhIRAX Nk &chy p 43, in@GtedBa®Uhe dpdiytobyne ok the capsule, such that
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. . arlg{ of :
a cold waldtveas fovamed: briwesmibestyericappile g slvar gHp pagt theeteel ring

r adi, e S r t.Q: t ' =
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her a

approximately 30 C, then decreased fur t 2.5 '

o) irs benead SSPoRGr T(HR BB BRI TSGR N B0 ] e Fpsule
t enper at ur es re~-hekd at t Y r L.

weS PRREFR 780 R Initerhiffie 5 op ate3Ch B cafplic was

a@?@ﬂhﬁ%clj& lags capay hRadfrb® by (oY KNle@iocbliflef MTBBicasrefit@rough
eed had grown to a wei g%t of 40.2 ng. The crystal

theatopt hatfi oftthbdebaten BBY4HdNCR cfeased30ntili the #kmpovate gredieht 87
pits was observed on the_c-face abog}g the interfac

. S e
desseasedtp 3 Re- it heltingal®T 3 "Gerpddepp sagismperature of the top
heﬁ?cl)-é' HISGZ(.%.%'SSAIQ %V]a% Rcreased at 5 °C/hr until 8T increased to approximately 30

°C, then decreased further at 2.5 °C/hr until 87" increased to approximately 60 °C and

the temperatures were held at these values for 20 hr. The cell was then cooled and

removed from the press.

Upon opening the capsule after venting of the ammonia, the seed had grown to a

weight of 40.2 mg. The crystal was then etched in 50% HNO3 for 30 min. A row of

etch pits was observed on the c-face above the interface between the seed and new,
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| ateral l y-grown material. However, the remaining areas

of newly-grown GaN were free of etch pits. The area
wohom@itstfNBee newl y grown GaN was appr oxi mat el yP6TAN2008/041255

2 cnk, indicating that the etch pit density was | ess
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h@ag i*%@c}aﬁt %b@%kh@marun@ fheepapergiurgphiberbottom of i he capsule

Waﬁ e Mk A 2Ga e wBRP AL of Bl SRR ShinkByete was
Qmelg r&atoaj 2 nTéaeufé@ bya3pE Ki thebRScotBledNindi@s t&ﬁﬁeratures

| east part to etching of the seed during the
Wem hé¢ldlat ﬂws@ valnesofor tiReirpridiei del, wasrttient beolekant! remyoved from the
additionally have undergone partial fragnentation to
Pt%¥uce the dianeter. After. washi ng, the Co-doped GaN
crystal was sandw ched between two pieces of In foi
Upbatopbaidg Weecupsele afiet Dertinlgl dfuhé algarohy, #id @ystaIV%‘bﬁn&Bystal on
el ectrode area of approximately 2 O. 02 cm
seqdeweighedhaprredmatedin E&fﬁ aeg-odbe chsta shawed clagsevidenariof growth,

irgh?’\.tldﬁg ?a%é:s T %chr%asgé thgﬁ%:s? 0.? grﬁ‘Hj E&f‘%{ %ﬂé{ rewg); H%rEer in

arity, corres a resistivi
color than nomlnally undoped crystals The decrease in the weight was due at least in

part to etching of the seed during the initial portion of the profile, and the seed may
additionally have undergone partial fragmentation to reduce the diameter. After
washing, the Co-doped GaN crystal was sandwiched between two pieces. of In foil
that had been wet with a liquid Ga-In alloy, with an electrode area of approximately
0.02 cmz. The electrical resistance across the crystal was found to be approximately

1,050 MQ at room temperature with either polarity, corresponding to a resistivity of
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WD 2004/ 061923 PCT/ US2003/ 041255 about 3x108 a-cm
GaN with a resistivity greater than about 105 S2-cm
woO004pemeBdered to be sem -insulating. The gr oRCI/USA108/041255
of the GaN crystal is found to be substantially above
5 m/ hr. The inproved nethods for form ng GaN crystal
material of the present invention enable the
abaat 30§ ef2-trh gh Gadalwithy aGeasisgivifs t pafer Tlp?éls@bmﬁp?% e@ -om s
GaN crystal s, . en ble the fabrication of ,
m”ﬁé*?%ﬁ“) 8SFBHHSHG B8 ect roni ¢ and opt oel ect roni ¢
devices, with inproved efficiency, reliability,
gfg;“q Rowe S TEHRNS De sUbfaktinywabyal 3 e, hr.
The egﬁgggﬁﬁark gggsgﬁt and noi se. PE onlygcertaln
features of the invention have been |Ilustrated and
Thelémpravied dnethedsefar, fonam;g ol| mmialt metesiahpl thharged iy ention

cur hose sk ,
enstff te sty & o Prebcooelil Gl el o igsRimp BRI Sy
ena{bq’e ﬁl‘%‘f%ﬂ&hbn 695&ter—@@ﬁbﬁhlﬁgteld@&8nla radd @bw@@eﬁoms déalcés w1th
hin the true spirit of the inventjon,

1mﬁ1©®dd eficdaey Petithiine y3ldd DEbs oV Aenermance Abf@?@og‘fnn\qu@ge

x4nun1d|nen5|on of at least 2
an§P¥ %t@%?SWf%“aals B%ation density of less than 104

cm 2, substantially no tilt boundaries, and an oxygen
‘Whillp Bhiyt Yertey ebatafes | efSthet insentib]Bavenb&n RlustFated GaNl described

T LT R b 1,
th%@@re%ﬁlb%'lﬂﬁg %ﬁytﬁﬁtat:h aﬁ‘)}g@ﬂ(ﬁﬂ r@fgms Mir@ terRfed &b &oWer all such

erein e sin rystal has an optica

madifatiohs ond doafés asufaalm withel thetrie Gpicitrof thetinvgatienengt hs
between 465 and 700 nm 4. The GaN single crystal as
clainmed in any of clains 1-3, wherein the optica
absorption coefficient is below'5 cm 1 at wavel engt hs
bet ween 465 and 700 nm 5. The GaN single crystal as
clainmed in any of clains 1-4, having an infrared
absorption peak near 3175 cm 1, with an absorbance per
unit thickness greater than about 0.01 cm1. 6. The
GaN single crystal as clainmed in any of clains 1-5,
contai ning between 0.04 and 1 ppm fluori ne.
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7. The GaN single crystal as .clained in any of clains
1-6, wherein the single crystal conprises an n-type
weem4perdsict or material with an optical. absor pcrms2003/041255
coefficient below 100 cm 1 at wavel engt hs between 465
and 700 nm 8. The GaN single crystal as clained in
a of clains 1-7, wherein the single. crystal has a
f umi nescence spectrum peaki ng at a photon energy
of bet ween about 3.38 and about 3.41 eV at a crystal
tenperature of 300K. 84 WD 2004/061923
PCT/ US2003/ 041255 9. The &GN single crystal as
clainmed i-n any of clains 1-8, wherein said single
ler ysAeCBaN smg}eecryﬁtaldlavmg@ m@emum dlsrmnalonmé at lepst 2 raillimeters, a

t d
dla#oc%tfodﬁ tygot}ele]sﬁj% %’@tf ﬁa&tlgﬁy élneoo n@a 511 ?nd an
0 geﬁ1ﬂ1?ﬂ1@clylé’&fel 3)9}1355 fh@nl@@:lcrﬁ'm 3. 11. The GaN si ngI e
crystal aS clainmed in any of clains 1-10, wherein said
single crystal is magnetic and/or |um nescent. 12. A
2ret hdhe 6N singherrgysial @ivlaimgl wheripsthal Gadd ﬁmglesq:rﬁgtal is grown

.(a ovi nucl eation center in a first region
ﬁg%H%ﬂ@%gﬁ%%(ﬂ%%vF g a first end; (b) providing a GaN

source material in a second region of the chanber
3havi Tge GaNssifiglectresal; as(dtdinped auiadiy g alafradN1 0 iendin ﬂ&ﬂsmgle
a mneralizer in the chanber; (d) pressurizing the
ciybtahhas an ¢etjcaly ebwqatmn@eﬁiujem dlettivn 0@ chi ratwavelengths between
4é§ i ture distribution such that the solvent is
%gf MPated in the first region of the chanber and
such that there is a first tenperature gradient

gbet Wegd dalesihple Tyt ths Mdmed en S6¢ 6N 1SRG S8CHhéRRL thEdtical

crystal grows on the nucleation center; and (f)

mgﬁﬂﬁkmkbﬁﬁkﬂm$ﬁﬂﬁmﬂwSeﬁpeﬁaMﬂéRm@msbmmhﬂhHéﬁamm7®mmm
chanber such that the solvent is supersaturated in

th fi gl f th h h h
R
amogfqes BRI SRS B P! B B B P o

§g Q%r“s | arger in magnitude than the flrst
enperature gradient and the crystal growh rate is

greater for the second tenperature distribution than
6f or fThe GalN sihgletceysparaatolaimed in any of claims 1-5, containing between

0.04 and 1 ppm fluorine.

7. The GaN single crystal as claimed in any of claims 1-6, wherein the single

crystal  comprises an n-type semiconductor material with an optical absorption

_coefficient below 100 cm-1 at wavelengths between 465 and 700 nm.

8. The GaN single crystal as claimed in any of claims 1-7, wherein the single.
crystal has a photoluminescence spectrum peaking at a photon energy of between

about 3.38 and about 3.41 eV at a crystal temperature of 300K.
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di stribution. 85 WD 2004/061923 PCT/ US2003/ 041255 13.
The nmethod of formng a GaN single crystal of claim
wa2004maenei n said GaN single crystal is grownprar/ua2003/041255
rate of at least 5 mhr. 14. The nethod of formng a
GaN single crystal as clainmed in any of clainms 12- 13,
wherein said GaN single crystal growh rate is at .
9.1 eastheiGalrsingle chystal 7pelaimehayapy of £3Rs A vhegnp said single

' ‘ ¢l ai ' C lai s 12- 14,
criiggelgges%&éﬁgh@aef\i sf%é@é c%ﬂ?e é?ﬂggﬁkéé has a maxi num
di mension of at least 2 mllinmeters, a dislocation
10ensTlieyGaN sireds ciystahas 4ineNl 2 any afi atlasmb 4 £ fiitladrlopmpoising at
tilt, boundaries, 'd6. Jhe pethod of formng a GaN
h@ﬁﬁé@@”ﬁ@?%ﬁapf%gu%l%ﬁ“%dm?n'any of clains 12- 15,
wherein the seed crystal is ‘hung by a wire; “the first
©11.e9i P GaNKEle SBRAM 83 Slalhaint 4§ srRIAR™ 1-6Q WheriM s8id single
baf fl e having between 1% and 50% open area; the
cryghhvie ntagoetiqanddwduminesesatt one of ammoni a, hydr azi ne,
met hyl am ne, ethyl enedi am ne and nel am ne; and the

ourge material c ' t S . of single
17y <K r Rt o S ol SfhrPlu TN, and
a GaN precursor.. 17. The nmethod of form ng a GaN
Si nglap peowdihgla raleation cader in @afiyst ofgiad af awhddberliGving a first
“further conprising the step of providing a mneralizer
endy the chamber, and wherein said nineralizer

conprises at |east conprise at |east one of. alkal

and @’Z ??A\ji&‘iﬁﬁﬁgﬁéﬁ‘ sottkd fiaflBis intH¥ed6Sd rdd{@Pofang chhitk Bdving
conp ds, a ntumsalts, rare earth salts, halide:
asabbhdendul fide salts, nitrate salts, azide salts,

conmpounds formed by chem cal reaction of Ga and / or

GN with at. |l e one of the.above, .a ] es
Chor (e providing SR SVerf g & RS iR hathell ©
crystal as claimed in any of clainms 12- 17, further

conp(d) prerguiMiny ihdichgmberglopant source for dopi ng of
n-type, sem - 86 WO 2004/ 061923 PCT/ US2003/ 041255

(e) generating and holding a first temperature distribution such that the solvent .
is supersaturated in the first region of the chamber and such that there is a first
temperature gradient between the first end and the second end such that GaN crystal

grows on the nucleation center; and

(f) generating a second temperature distribution in the chamber such that the
solvent is supersaturated in the first region of the chamber and such that there is a
second temperature gradient between the first end and the second end such that GaN
. crystal grows on the nucleation center, wherein the second temperature gradient is
larger in magnitude than the first temperature gradient and the crystal growth rate is
greater for the second temperature distribution than for the first' temperature

distribution.
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i nsul ating, or p-type GaN crystals, and wherein the

dopant source conprises at | east one dopant selected
wonowosio2Be, C, 0, Si, Ge, Be, My, Zn, Ca, Sc, PTT/USX03/041255

C, WM, Fe, Co, N, Cu, Zr, Hf, and a rare earth

metal . 19. The nethod of form ng a GaN singly crystal

as clainmed in any of clains 12- 18, wherein_the dopant
135 aifhe meshed offormingsa GeM singleGiysal ofelaim ExNvheraig) said GaN

SHE Ry SPL5 % ARSI B " Tt e

conprising the GaN single crystal as clained in any

19f ciTae fretHodldf RREing 4 GaN2Gnglareysall ak @R$hedReany of claims 12-
sem conductor | ayer or partial |ayer disposed on said

15anheseinghid Galy single cragial gigiethapie is ali lgast éﬂw@dhﬂ u ctor

| ayer or partial layer is at |east one of:

19" . @X%thdds ﬁ, %ﬁﬂ’% f chc)l Aséx?élf: ’c&mé r%élc%nxg (9 1n—an)§of—éz!1:cllrr\}\§ 12-
14 <w1iereﬂr<the>GaN )élng}’e dryst@h thred has 1 mavsmne )inﬂér%ﬁ@l of & least 2
where 0<x<_1; InyGai _yN where Q< ys 1. 22

myligeteshd g o4t ripcaéronu@ftrﬁ% tlegs Hiam 10, heped ﬁubqﬁ@ﬂaﬂy no tilt
ol crystal is one of a wafer, a boule and an
I Ngo 23. An el ectronic device containi ng the GaN
S|ngle crystal as clainmed in any of clains 1-11 and

161 ai Mhe Methdieoffonmeey d Gddlvsicge icsyssdlag clanded immany bfclaims 12-
g‘gﬁ% consisting of a light emtting diode, a |laser

°INa3 phot odet ect or, an aval anche phot odi ode, a

cascode switch, a transistor, a rectifier and a

tHeWeEd SiyStal isABg BF aam}é ansistor, a rectifier, a
Schot t Ky I‘eCtI%I er, thyr| stor hi gh- el ectron nobili ty

transi stor gHEMT) a metal  sem conductor field effect
the fignktesioris ket sprryte fonhidespcandirggion by|adpagile basing between 1%

(MOSFET), a power netal oxide
aé&e%é%oi)gﬁc St field effect transistor (power MOSFET),

a power netal insulator seniconductor field effect
ther asodvent ocoripasesr at 8lkaWD @040 Gie2shiChHydE2013/ iR kdmine,

ET), .a bipolar juncfion transistor (BJT), a netal -
e%(%ﬁ‘? jprginerang megrpfl{s ransistor (M SFET), a

het eroj unction bi polar transistor (HBT), a power

theNSotr & fdtcdial BolbRYIsalt ledst @H§ o$ tsﬁfgle( BMEI da@-ﬁ}norﬁhous GaN,
- power vertical junction field effect transist or (‘power
polyenyisipdine GaN and a GaN precursor

17. * The method of forming a GaN single crystal as claimed in any of claims 12-

16, further Acomprising the step of providing a mineralizer in the chamber, and

wherein

said mineralizer comprises at least comprise at least one of: alkali and alkaline-earth
nitrides, amides, urea and related compounds, ammonium salts, rare earth salts, halide
salts, sulfide salts, nitrate salts, azide salts, compounds formed by chemical reaction

of Ga and / or GaN with at least one of the above, and mixtures thereof.

18.  The method of forming a GaN single crystal as claimed in any of claims 12-

17, further comprising providing a dopant source for doping of n-type, semi-

86



JFET), ' an inner subband emtter, a quantum well
i nfrared phot odetector (QNNP), a quantum dot infrared
wohoi4pdenect ors (QDI P), and conbi nati ons ther ee€T/UR%4003/041255
An el ectronic device conprising at | east one epitaxial
serri conductor active region disposed on a single
stal substrate conprised of GaN, the substrate
lrha ting o p ﬁm@ﬁh&pmsgh anéwhereimthq dopant soueq qmpises gt least

o A SRS BY. 0 925 A, (I v. s i e

OoDNW@d,)Zr,IIeﬂehd pfarkessh ke 109 -3 cm 25. The
el ectroni c device as clainmed in claim?24, wherein said

devi c has a lajera di nensi.on of at | east . about
1% 20 heeincd of mgca (ol SReisgrital aiipiRd imgnyppf c Slaims 12-

19"%&@““%@3%‘?‘”“%%“% 6t fbl° Rt gAee has at | east one

an a t1on coef i cl ent bel ow about 5. cmi' at
wavel engt hs between 700 and 465 nm a carrier
20obi 1A GgNadigle calsalifori@d byntde vaathod & demzidninalyef claims 12-
1gbout 0.005% a thickness between about 0.05 and 5 mm
carrier concentration below 1l x 1019 cm3 ; an
opti cal absorption coefficient bel ow about 100 cm-1

280 W edreiGhdikidediteRie (Opridnd 485 WANS biglel digstalads élaimed in
concentration between 0.04 and | ppin.; and at | east

agyef ickimaldd aassimii0ping @hleastpne Bemicandictertlagy 9o patgial 1ayer

SRR i A B PR B B BHP RS

1R {sUBPRAKYNR4E255 27. The el ectronic device as
claimed in any of clains 24-26, wherein said

substrate i s one of: an )b%pe substrate with an
el ec® i calAldBdia N iWherpeFet, 5%k ando)saml; én‘g-type

substrate vvlth an el ectrical resistivity bel ow about

00 e t
bl o B T RN 8 (7%"3’/%%%@6'5%%&"?'% O<at y<t,amd0sz+

w<l
c) AlL,Ga; 4N where 0<x<1;
d) InyGa;.,N where 0<y<1.

22.  The semiconductor structure of claim 21, wherein the single crystal is one of a

wafer, a boule and an ingot.

23.  An electronic device containing the GaN single crystal as claimed in any of
claims 1-11 and claim 20, wherein said device is selected from the group consisting of
a light emitting diode, a laser diode, a photodetector, an avalanche photodiode, a
cascode switcfl, a transistor, a rectifier and a thyristor, one of a transistor, a rectifier, a
Schottky rectifier, a thyristor high-electron mobility transistor (HEMT), a metal
semiconductor field effect transistor (MESFET), a metal oxide field effect transistor
" (MOSFET), a power metal oxide semiconductor field effect transistor (power

MOSFET), a power metal insulator semiconductor field effect transistor (power
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28. The el ectronic device as clainmed in any of clains
24-27, wherein said sem conductor active region emts

woi2edHo6in3t he ultraviolet to red range of the PCT/US2003/041255
el ectromagneti c spectrum 29. The el ectronic device as
claimed. in any of clains 24-28, wherein said

MIERLFETCt or Bctive Leglom s one, of Lhe TOITUAL s

ot abuiEhio o B M Bl sy e bl

traGistori{powedrd G 10 powlewectcahpinctiai field effactarapsistbr Glosierrsertical
-29, .wherej.n said seniconductqr. acti,ve region i

TR )2 B, e SR Prgiters &1 WASUIY pieL ity Phptggiiiector (QWIP), a

q@InB&h ﬁeﬂh&aféa\ﬁhsﬁa_d@t%ct@ksactqm‘#),i AndRBMhbRfatishAhEBo24- 30,
wherein said sem conduct or acti ve region conprises a

~ single doped |ayer having a thickness between about 2
24nd BoCelentiong2devitrecanptnoat teaslewiecepitagiat isainipeddugtor active

B Bl SR B BB s b SR B B avine
mbRinafs difénsidigofat 10ast Di @il Bm@teas) taudisloedtlonvddnbityof idss than 10*
~alternating | ayer having a conposition of 19
crA]z,( subdi@atially, naNitddndarkecanidarnbty@enatipogtyl leyelrofliassithgn 10 -
aszconposition of AlelnfGal e fN, wherein 0<_c¢, d, e,
¢, . c+d, e+f < 1; and each alternating |l ayer has a
t hi ckness between 0.5 and 50 nm 89 WD 2004/ 061923
2 ABERRRH0 88 e A2l 1855 0 R R B s herat
dinedikion bd BCled:t aB&iti10e unegi on conprises a plurality of
| ayers having a conposition of AlOIlndGal_,_dN,

wherein 0 < ¢, d, , c+d, < 1; and each_ active |ayer. )
26.s séparcdectignisy deviere £y ¢lgimpdpat apy/ of+ clamm e4-3unwherein, said
I i€ device as clainmed in any of clains
S‘%Z%Er%%,m? %rl %té?&g%irs‘rpri ses: a first cladding |ayer
conprising p-AlylnGai _y_ZN and having a | arger band-
argapsorptiom cdelfificianit belew labyatr 5 cohentewavdengihs Betwyerz 760 hnd 465
a second cl adding | ayer conprising one of n-GN and
MR Al "In,,Gal _u_,,Nand having a |arger band gap than
the active layer, wherein O:S u, v, u+v < 1. 35. The
a BArfict mOBiliey Sk GBoms 00lcaiMed; i n any of clainms 24-34,
wherein said

a strain below about 0.005%;
a thickness between about 0.05 and 5 mm;
a carrier concentration below 1x1019 cm-3 R

an optical aBsorption coefficient below about 100 cm™ at wavelengths between 700
and 465 nm

fluorine, at a concentration between 0.04 and 1 ppm; and

~ at least oné infrared absorption peak in the range of 3050 to 3300 cm-!, with

an absorbance per unit thickness between 0.01 and 200 cm-!.
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sem conductor active region conprises a buffer |ayer

di sposed over the substrate. 36. The el ectronic device
weaomoaigred i n any of clains 24-35, wherein thecaws2003/041255

| east sem conductor active region further conprises a

l'i ght-guiding layer. 37. The electronic device as

clained in any of clains 24-36, wherei he at
2bne Shtickstanct devier o5 velaimegi Bh 2eBrefr pleizes 2 c%ﬁat ﬁ%rem said

ed over the substrate. 38. The el ectronic

m%@%@%é as(g?alned in any of clains 24-37, wherein the

at |least one seniconductor active region conprises a
archaypedubsteatevittlian phesaitabresistivitebelswhabbuiali0eO-ca8. The

el ectronic device as clained in any of clainms 24-38,

wherein the at | east one sem conductor_ active reglon

a poMpe subsisaty valhrassciiiabresishiy Ry belowrbeat] ¢ Qren. 1@

substrate. 40. The el ectronic device as clainmed in any

ﬂngtilla 1&% éaﬁ%l%hv%eélgétﬁcél qgmﬁi\ut&%@%e atyf 1(? tQ cm.

bI ocking layer; 90 WO 2004/ 061923 PCT/ USZOOS/ 041255 a

29- t yPie clieondelc Heves odi dpasadioway shelanad tRge, wherem said
blocklng)la yer; and a n-type source_ layer dispos
SERePNAUHr pactiy eregioan FBIS| Igglﬁrm e vtridele & 118 .r@nge of the

dg?*%g%%?ﬁcg é%ﬂﬁp in any of clains 24-40, wherein the

e sem conductor | ayer further conprises: a
heavi |y doped p-type base | ayer disposed over and in
29.he Tht tdemroblcodkving dsagleimedain iaghit bfy cthope 24p28,ypherein said
base | ayer di sposed -over.th vily doped p-type base
S?r%’ﬁ%?4“°¥°5ﬁ8t1? ‘%g]t‘)?ﬁ%o%eh‘?qt%l%? néﬂ%er di sposed over and
in the lightly doped p-type base |ayer. 42. The

A@'Iﬁ@aﬁ%ﬁ\ﬁv@%ﬁ@(ﬁewﬁ@ whgined in any of claims in any
| al s " 24-41, wherei n the at |east one

sen1conductor | ayer conprises a voltage bl ocking
Al dys€ta; ... AllineGaal. @8t whare O <devi ed, asd ed<ned i n any of
claims 24-42, wherein the at |east one seniconductor

| ayer _f he a source |l ayer disposed over
hﬁﬁ%k (hﬁé@ BF&@K?% -ngé and a gate |ayer disposed
over -t he vol tage bl ocki ng Iayer and lateral to the

360Ul G8e!| @¥&Fonic device as claimed in any of claims 24-29, wherein said

semiconductor active region is disposed directly on said substrate.

31.  The electronic device as claimed in any of claims 24-30, wherein said
semiconductor active region comprises a single doped layer having a thickness

between about 2 and 500 nm.
32.  The electronic device as claimed in any of claims 24-31, wherein

said semiconductor active region comprises a plurality of alternating layers forming a
multiple quantum well with a first alternating layer having a composition of
AlIngGa;.gN and a second alternating layer having a composition of AlIngGa; N,

wherein 0<c¢, d e, f c+d, e+f<1; and

each alternating layer has a thickness between 0.5 and 50 nm.
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44. The electronic device as clainmed in any of clains
24-43, further conprising: a source contact disposed
wonodve1esur ce | ayer; and a gate contact di SpoBem/USE003/041255
the gate layer. 45. The el ectronic device as cl ai ned
in any of claims 24-44, wherein the electronic device
i S one of a light em t|n di ode er. diode, a
3phot bR FlEEfamc defice 3 g Healah%ft%ﬂnﬁ@é 32, WHPEb ot or
arectifier, a Schottky rectifier, a cascode switch, a
sdid) ¥éﬁ1§5ﬁuc@r%@f€é REIh M Qé§ 4 f)])llratlft? BElagtR %a(zlﬁgg@om‘}ﬁsﬁlon
nmet al sem conductor fiel fect transistor
obAlB;Gh;. o}, ddiefdire 0K efd ecfrdt rdnpsndt or (I\/DSFET) a
power netal oxide seniconductor field effect
transi stor (power MOSFET) netal i nsul at or
each e higueiy ﬁewuaé?cbbse@ P%ﬁlmoaﬁ% PZE/PO Fur{nsbmaﬁtha SFET) ,
a bipolar junction transistor 91 WO 2004/061923
343 CT/ ngé&(gﬂég%ce isa:ia;li_)n’ed% EH%I & clhifRWaad Oy tep Ic&im rlses
fect transistor het er oj unction bi pol
tranS|stor (HBT), a pomer |nsulated at e bi pol ar
a tfirgredadding laygcmmpriswﬁ) AldngSiaverN ané havingla largee brghgap than
field effec sistor (power vertical JFET), and a
theiaghvelexes W ﬁrel BV #9) Z<’r3 nsi stor (HEMT) array, and
conbi nati ons t hereof. 46 The el ectronic device as
a @é@h&%@haﬂﬁlgqayerqfo RinFRondbrrGaNhat 9l-Al INEaal N 88f having a
one sem conductor [ayer further conpri ses: a buried
lagger bandigag then theowtive lagern, Wheedn 0 sge Vbdlbtﬁllng | ayer; and
a field stop | ayer dlsposed over and in the voltage
bl oc e 0 t . .
S EhE BB, APt T Bma ot My B HeBtn PP, Pl sad
sedficdifiucinacivareliog cainptisdsi buffen tayee tispesed wotitthe bubksahte.
further conprises: a well |ayer disposed over the
buried gate layer; a source. |ayer %lsposed in the we

3¢. -ay el hig Rlecironis IdﬁYIC? @s clgung g‘{ sl MBS,a\ﬁ]aerelg the at least
teral to
seliBbiieiabodl Spostid YRl ndRyBlaRpEhbe ST O

of a honpepitaxial galliumnitride based electronic
3’devi ¢b¢ clehonre davide o cfarmed ngaltm@f deiop 2¥-36,0vimreiy the at least

st..on onduct or active qye q a s bstrate th
oS AP SBuePE AefE ahEORnePare s e Xo8asCpdr SARLeE Sver he
suR¥hteum di nensi on of at least 2 millinet ers, a

di sl ocation density of 1less than 104 cm 2,

substantlally no tilt boundaries, and an oxygen
38-npuhe gleckqiic dgyice as claimed in any of claims 24-37, Wherein the at least
one semiconductor active region comprises a channel layer disposed over the

substrate.

39.  The electronic device as claimed in any of claims 24-38, wherein the at least
one semiconductor active region comprises a subcollector layer disposed over the

substrate.

40. The electronic device as claimed in any of claims 24-39, wherein the at least

one semiconductor active region comprises:

a voltage blocking layer;
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| ess than 1019 cm 3, 49. The nethod of cl ai m 48,

wherein the form ng step conprises at | east one of
wounbemdias beam epitaxy (MBE), hydride vapor pRasmis2003/041255

epi taxy (HYPE), and netal organi c vapor-phase epitaxy

(MOVPE). 50. The nmethod as clained in any of claims

48-49, wherein the formng step ri ses providing
a prtynechapned fayepdigaenstevent F?U‘)l&géé’tﬂ“i‘gfg lagitetted from

92 WD 2004/ 061923 PCT/ US2003/ 041255 trinmethylgallium
S Bhe 15 R Sééh%lv&r@he b ahi)13yerand
tr| nmet hyl i gk rn[j gm’% . %e §rr}t,eetrhod as. cl ai ned

in any of clains 48 50 further conpri si z? the step
41of Thfr electypned deied @%tclamaﬁdt mcny ofrelaime 24¢4Q, e@?relleﬁ@ at least

sem er, and wherein said
ong Sggltl?oingg& %ﬁ?ra%ftﬁer OHPFSES: at | east a materi al
selected fromthe group consisting of N, N/Au,

a ﬂ_éa/v doﬁéﬂ p—%pe bﬁbe 1aA\6k disposedbver 2Ad i the vG[tage'lTﬂocl&@g lagier;

P, As, arare earth nmetal,

corrbl nati ons and OXI des thereof. 52. The met hod as
a bighilyrdepedrp-bipg bese kavar dispossd myer thghepwly densdrn-SpR dashiayer;
an%epo& tion of cladding |ayers conprising at |east one
of n-GN, n-Al" In Gi_u_,,N, p- AIyInGazyZN pGaN
and conbi nati ons thereof, wherein 0 < u, Vv,

a t-type ntittexlager dispodedibrenr endirt the lightiyl d gpeesl pafypte Fmesqalewrv e

| ayer is |ess than the band gap of the cl addi ng

ayers. 53. A devic ri, s ast .one
ool R MEYRE Sa HERRNn RSy, TRES M ambahideie 2+41
Whétgﬁlt the Bl Tehdt Bee SbrREEnERATR ARk e&npﬁses avoltagd BletKiAg Riyeh.
single crystal n-GN substrate having a disl ocat| on
denS|ty | ess than about 104 per cin2, wherein said
4% ubsThaelectronic davise anelaimedinf sryeotorlaimsy24-44, |Wsreipheat least

ol oo BRURBP PSP BRyBBeCl 7§ "o * navel engt hs

bet ween 700 and 465 nm c. an Al cl ndGa e _dN
a AhwetefaGed digpokdd ovdrtthepVadtage hlvickimg\hetelr; dmiyer d. at
Ieast one cl addi ng | ayer, the cl adding | ayer

a gatﬁ t@%egl nggsd: ¢ Oft]}g V%agea}o%ckpng ﬁl& anla?at%ragto tlhlb source Etyer

44, The electronic device as claimed in any of claims 24-43, further comprising:
a source contact disposed on the source layer; and
a gate contact disposed on the gate layer.

45.  The electronic device as claimed in any of claims 24-44, wherein the
electronic device is one of a light emitting diode, a laser diode, a photodetectof, an
avalanche photodiode, a trensistor, a rectifier, a Sehottky rectifier, a cascode switch, a
thyristor high-electron mobility transistor (HEMT), a metal semiconductor field effect
transistor (MESFET), a metal oxide field effect transistor (MOSFET), a power metal
oxide semiconductor field effect transistor (power MOSFET), a power metal insulator

semiconductor field effect transistor (power MISFET), a Bipolar junction transistor
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wherein 0:5 ¢, d, e, f g, h, c+d, e+f, g+h < 1, and

wherein the band gap of the active layer is |less than
woOhed4/06f928 he cl addi ng | ayers. 93 WO 2004/ 06192BCT/US2003/041255

PCT/ US2003/ 041255 54. A photodetector, said

phot odet ect or conprising: a substrate conprising GaN

sai d GaN substrate having a dislocation density |ess

(B@n a m@htinmorpébldcﬁﬁﬁect virrepision (WHBHE B thetgragunicsion. bipolar
ﬁ%rap-&]éf Iay Sw&e 1n% lafedy Ak p%garr LiStol (_Jg e IGBT (¢ power
angd°Has 8N optycal sorption 751

v&@bﬂV\ﬂu@bﬁhﬁ fikl0 efrvot- tlanaistm Wpuake W@ﬁi&&l DEE’Fﬁemd7QQngﬂélectr0n
465 nm at | east one active | ayer disposed on said -

iy fransistor{REMY) areysandgeabinstignctheiget. cont act
structure affixed to at |east one of said substrate
nd |
ot AR cetbntc R0l BB U b P Elyimty D4 F3Puhercin he at east
ohe sahicombctor layee furthey esmpiasesr | ses one of Gal
_,AI,,InyN ,,,PAs vvhere0<- x, y, z, Ww- 1, 0<- x
XALXN V\,here 0:5: x
o Hiied e 1 laYPﬁQISB‘P\S&Eldla&e oltBe Weokin e 4 any of
clainms 54 -55, wherein said conductive contact
aSHidld Glop' 18y & QTBEds8@ Svat arldeisthe ARRaLS bldciaR Ahyds ang ARERE to the
and an~ ohm c contact. 57. A nethod of formng a. GaN
bytiedpate aygst al conprising: (a) providing a nucleation
center in a first region of a chanber having a first
nd; ) 0
4§eg g%lgo}e%g ﬁﬁfc%}e@%o %‘Eg gﬁ gggl% r{i&?ﬂ é@ ?h?l%ﬁl M at least
opé ssthidomdnceor Gahdr Sathee odbmprisksa m neral i zer in the
chanber, wherein. said. solvent conprises anmonia and
sa mn.eralj.zer rises at |east one of :1=1]
ger dispo Vergielf rgaYezé-‘é‘?ra on products with Ga,
GaN NH3 or with each other and is present at
alsoRE 1 8Rr BRPERANA el vIBlafér fdTatb] RhAHRM stop) wnt bnd
:respect to the NH3 sol vent; '94 WD 2004/ 06192
PCT/ USZOOS/ 041255 (d? pressuri zing the charrber

a draln layer disposed in the wel layer and lateral to the field stop layer.

48. A method for the preparation of a homoepitaxial gallium nitride based,
electronic dévice, the method comprising the step of forming at least one
semiconductor active layer on a substrate comprised of GaN, and wherein the
substrate has a maximum dimension of at least 2 millimeters, a dislocation density of
Jess than 10* cm?, substantially no tilt boundaries, and an oxygen impurity level of

less than 1019 cm-3.

49.  The method of claim 48, wherein the forming step comprises at least one of
molecular beam epitaxy (MBE), hydride vapor phase epitaxy (HVPE), and
metalorganic vapor-phase epitaxy (MOVPE).

50.  The method as claimed in any of claims 48-49, wherein the forming step

comprises providing at least one organometallic precursor selected from
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(e) generating and holding a tenperature distribution.
such that the solvent is supersaturated in the first

woegimaians the clinri.ber and such that there PETAS2003/041255
tenperature gradient between the first end and the
second end such that GaN crystal grows on the

nucl eation center ased i conduct or
trippethgaliigme cfﬁ%%)hgtrgfl%ga @Hﬁ%@, IAj&g}If)éf and " trmethylindium,
h@@bf§nyca i-,-yN,, where O <<x<_1, O<y<_| and
By mhereln the structure has a dislaocation
density below 104 cm 2 and contains substantially no

st 1 trhoundar él B dclalm%8 in f@# se% 8h eﬁl}tﬁ&nécﬁnoﬂ'%\fﬁgcﬁm step of

wher er'nsai evice'ls romthe gr

farpiigg elbétrigal@bon@cisioghhe atrfedst Dmfgsedmmdﬂluc@r Iaem@rlayhrpaml wherem
a. hot odet ector, an av?lanche 0 OdIO a cascod

sajhielestiicabeqniagiseammpsise a S8 PREER mrﬂ?f‘s%?iﬂp SHpsisting
ogﬁ% Ni/Ad aﬂﬁAlsi)@rPtégegggt Ehi g1 Snar Sehat 5Kyzd @61WE NI HE, Mo,

hyr'istor high mobi 17ty ‘transistor’
P( Bk EMafe) carth methla Icombmahmrmhdmn}es fhiegdod. ef f ect
transistor (M: SFE., arretal oxi de field

f f t FET d
A MR s %wt P, RS oS el Bemeipe the
dépd%ﬁwom&cﬁimg rawﬂsﬁﬂéog{ éﬁﬁf@ #9843 6hObf ﬁl@dwl e Al 88/Gay N, p-

transi stor (power T ), a bipolar j unct i on
Alylpafteir 510, p-GBNT pnd eombinationsriberbef; whereired) & wefvf weat ut, y+Z <1,

A5 e Lt PRSI By e i

l%ypsny stor (.power |GBT), a power vertl cal junction

el d effect transi stor (power vertical IFE I ), an

i nner subband emtter, a quantumwell infrared.

5§h ot dddewice ROMIOAIE) at least quhemERitRxiql niighd r epitting diode, the

ot 0 nmbi nat i ons t her eof,
h&ﬂ@?% Zﬁﬁéﬁt%%“éggkgg%%Fﬂ@ggﬁgne or nore

Alj.n,,Gl-,-,"Nepitaxial |ayers, where 0O<y<l and
aD<x- hny<dlecttvdej ng a di sl ocation density of |ess than -
104 cm 2 and subst anti ally no tilt boundaries. 60.
The GaN- ased | ai med,.i.n an f .clai 58
band SGnSIR SPeIaD ARy SuBytrte Fenthd Aausideot il gy b har bou
19* TRPED WHerdih éa‘?@sshbﬁpa@é’.tls LU6stiBally Oee of crystallographic tilt

boundaries and has an optical absorption coefficient below about 100 cm™ at

wavelengths between 700 and 465 nm,
o an Al JngGay.c.aN/ AlIngGay_N multiple quantum well layer;

d. at least one cladding layer, the cladding layer comprising one of p-GaN and p-
AlgInyGayo4N; and

e. a p-electrode, and

wherein 0 < ¢, def.gh, ct+d et+f g+h < 1, and wherein the band gap of the active

layer is less than that of the cladding layérs.
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54. A photodetector, said photodetector comprising:

a substrate comprising GaN, said GaN substrate having a dislocation density less than
about 1_04 per cm?, wherein said substrate is substantially free of crystallographic tilt
boundaries and has an optical absorption coefficient below about 100 em’ at

wavelengths between 700 and 465 nm,
at least one active layer disposed on said substrate; and

at least one conductive contact structure affixed to at least one of said substrate and

said at least one active layer.

55.  The photodetector as claimed in claim 54, wherein said at least one active

‘layer comprises one of
Gaj AL InN;_,P,As,, where0 <x, y, z w<1,0<x+y<l,and 0<z + w<1;
Ga;ALN, where 0 <x < 1.

56.  The photodetector as claimed in any of claims 54 —55, wherein said
conductive contact structure comprises at least one of a Schottky contact and an

ohmic contact.
'57. A method of forming a GaN single crystal comprising:

(a) providing a nucleation center in a first region of a chamber having a first

end;

(b) providing a GaN source material in a second region of the chamber having

a second end;

(c) providing a GaN solvent and a mineralizer in the chamber, wherein said
solvent comprises ammonia and said mineralizer comprises at least one of HF, NHyF,
GaF3. or their reaction products with Ga, GaN, NH; or with each other and is present

at fluoride concentrations of 0.5 to 90 atomic % with respect to the NHj solvent;
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(€) generating and holding a temperature distribution such that the solvent is
supersaturated in the first region of the chamber and such that there is a temperature
gradient between the first end and the second end such that GaN crystal grows on the

nucleation center.

58. A GaN-based semiconductor structure comprising at least one layer of
AlgIngGaj.xyN, where 0<x<l, 0<y<l and 0<x+y<l, wherein the structure has a

dislocation density below 10* em™ and contains substantially no tilt boundaries.

59. A GaN-based electronic device, wherein said device is selected from the group
consisting of a light emitting diode, a laser diode, a.photodetector, an avalanche
photodiode, a cascode switch, a transistor, a rectifier and a thyristor, one of a
transistor, a rectifier, a Schottky rectifier, a thyristor high-electron mobility transistor
(HEMT), a metal semiconductor field effect transistor (MESFET), a metal oxide field
effect transistor (MOSFET), a power metal oxide semiconductor field effect transistor
(power MOSFET), a power metal insulator semiconductor field effect transistor (power
MISFET), a bipolar junction transistor (BJT), a metal insulator field effect transistor
(MISFET), a heterojunction bipolar transistor (HBT), a power insulated gate bipolar -
transistor (power IGBT), a power vertical junction field effect transistor (power vertical
JFET), an inner subband emitter, a quantum well infrared photodetector (QWIP), a
quantum dot infrared photodetectors (QDIP), and combinations thereof, wherein the
device comprises one or more Al In,Gay.yN epitaxial layers, where 0<x<1, 0<y<1 and
0<x-+y<l1, having a dislocation density of less than 1 0* em™ and substantially no tilt

boundaries.

60.  The GaN-based structure as claimed in any of claims 58 and 59, wherein said

structure has a lateral dimension of at least about 100 pm.
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