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i nvention was made in the performance of BMDO Contract #DNAOCO | -95-C-0
155, DARPA Contract #DAALO -96-C 0049 and DARPA Contact #

DAALO1- 98- ( . The government has certain rights | he invention. 10
BAmmNquﬁ%&?és | NVENTI ON Fiel d Of The Invention TH’F?’”#“H@’@#H on relates
to a 111-V nitride substrate boul e and net hod of meking and 15 using the
same, as wel | asIIwmMNITRIDRSURSARATEBOVLE ANDMEEIOD @FMAKING®ANBCt r oni C

devi ces and device precursor structures fabricated on and/or in such

waf ers. Description of the Rel at S ING TERSAME current |ack of hi gh quality
[11-V nitride substrates for subsequent deposition of nitride epitaxial

| ayers limts the performance and sl ows the needed and desired devel opnent
of short wavel ength optoel ectronic and hi gh power, high frequency

el ectroni c devices. 25 For appbroach of heteroepitaxial
growt h of n?tride epitaxi:ﬁﬁ% £ i UDS rates, such as
sapphire, is dekaivedtionuss hdale ilte pekfoiniiBde® ! BRIDEY CottracgBiAdOY-95- @1l ssjevi ce

functionality for the following reasons: | 1 3 SEP 2004 WD 01/ 68955
PCT/ USO1/ 079 45)ARPA Contract #DAALOQI-96-C-0049 and DARPA Contact # DAALO01-98-C-0071.

The government has certain rights in the invention.

10 ' OUND OF THE INVENTI

Field Of Inventj
This invention relates to a HI-V nitride substrate boule and method of making and

15  using the same, as well as wafers derived from such boules, and microelectronic

devices and device precursor structures fabricated on and/or in such wafers.

Description of th Ar

20  The current lack of high quality III-V nitride substrates for subsequent deposition of
nitride epitaxial layers limits the performance and slows the needed and desired
(,--i development of short wavelength optoelectronic and high power, high frequency

electronic devices.

25 For example, the current approach of heteroepitaxial growth of nitride epitaxial layers
on foreign substrates, such as sapphire, is deleterious to the ultimate material quality

and device functionality for the following reasons:



(1) lattice msmatch between the device | ayer and substrate causes a high

density of performance-degradi ng defects in the device; (%) tgéﬁ@[}
coefficient of expansion m smatch between the device |ayer a@ud U fat e

i ntroduces strain, cracking and strain-alleviating defects in the device
layer; 5 (3)oh@sdrically insulating substrates require |ateral device
geonetry, which can inpede current flow through the dEHEE¥Ehis probl em
is |l essened, but not elimnated for devices grown on conductive substrates
such as Si C whéb dattidaamignasdhi Yetweaxihs tisvice Iayol drdgebstrhatdusla HadtdoR@y of he devi ce
| ayer and substrate material); (4) large area electrical contact to p-type
devi ce | ayers pP@forpnge-drsteting ggfectsdibe dayice;10 substrat e- mandat ed | at er al

devi ce geonet rk/' g?%ﬁlhe%t _di srs?ié;F)at,i on fromthe device is limted by the | ow
t hermal conduct? JiPFP! Gretticienigt capansjon mismateh bepreren the devics laver and gebistrais sapphi r e
(6) the electr] ! ristics.of foreign su@s rates are not readily
nodi fi abl e forlnggdﬁg%??%@%; glf}?gcaéld E'grﬁ"p qllgvigting idectsdn 7,53"59 g‘éﬁ‘Bed substrates for

inverted |ightepbdedda@indilAHE SibstrhRs ‘ehlﬁl@_lat&é} ed%\ﬂ&%org%@;@lﬁﬁg(clﬁrp ?m edh

sem -insul ating substrates for electronic Vi C e cléavability of
(Al, Ga, I n) N oncuesteflagn tsailh tiicade®Be (18is GBI Gab8Ghe®d Youh Q8- clitftate SHONMI NY

- cl eavage pl anes between the epitaxial filmand foreign substrate; and (8)
crystal ori entdevicesrsowt dreondustive sobspritesnsechi 43 SEPivhax ihade sfill bxids Dvolld@Vi ce | ayers
are not readily achieved, as a result of which inproved material and/or
devi ce char act@iesbgteesn thedevigslaysi pathsubstasmmierinlle ori entati ons are not
realized. Effo t%rtog roduce native nitride substrate boules b

r

° y
eonventional b ] _ ﬁl_ecn?c& ﬁ?ﬁtaﬁh@sp'ﬂ’a?/é’e‘ﬂ‘_é?eﬁé’%ﬁp’é?‘é(f‘fﬁgﬂ"s@%?e‘i”al
fundanent ak, C%ﬁsa'gtg—%{ahcﬁe'd?a%er%f]:ie\&cla%cdnlel@;v nitrides. Forenost, the

equi li brium vapor pressure of nitrogen over these conpounds at 25 noderate
tenperatures i(s) w4t Biesigalioh forhhe debRe sl kmiMdWytihd BRSth&h@r {ondRidGCRTPOSE at 2

thermally insulating substrates, such as sapphire;

(6) the electrical characteristics of foreign substrates are not readily modifiable for

specific device applications, e.g., p-doped substrates for inverted light-emitting diodes

15 (LED) or laser diodes (LD), or semi;insulating substrates for electronic devices;

(7) the cleavability of (AL,Ga,In)N on foreign substrates is complicated by non-

corresponding cleavage planes between the epitaxial film and foreign substrate; and

(8} crystal orientations other than c-plane in epitaxial films or device layers are not

readily achieved, as a result of which improved material and/or device characteristics

for such alternative orientations are not realized.

Effoits to producc native nitride substrate boules by conventional bulk growth
techniques have been hampered by several fundamental characteristics of the III-V
nitrides. Foremost, the equilibrium vapor pressure of nitrogen over these compounds at

25 moderate temperatures is extremely high. The III-V nitrides start to decompose at



1 3 SEP 2004 WD 01/68955 PCTIUSQO /07945 tenperatures |ess than their
mel ting tenperatures, making conventional bulk growh techni3u$EP egpsenel y
difficult. In addition, the 111-V nitrides have low solubility in acids,
bases and ot her inorganic conmpounds. The conbi nati on of these nmateri al
characteri S{w-b(ﬁﬁs%?s made it difficult to make Ill1-V nitride substrates. 5
Nonet hel ess, bul'kK growth of II1I1-V nitride material ha®&TBEEA™ it enpted via
sublimation and solution growth techniques (see for exanmple G A. Sl ack
and T. F. McNebhptratutes ledsrihas ttheirGhaighempfbturaORalidddotentiokal ik E’U\Wh’ G S
Layne, US Patent No. 3,607,014; P. Chen, Final Report, Contract NASW 4981,
(1995); and P.techhiqis exthrmelyhdiffiditie Iiaddition] Ghe | IIit\enifts RRalowGoRbiliyom Cr yst .
Gowth, ICCG9 _%989)), as well as evaporation reaction techniques (see J.
Past mak and L .2 dREs apd athepipganiceempougls| | The ZomBigdtion (of 349 ate@lack  and
McNelly (G A Slack.apd T. F.. Nelly, J. Cryst. Gowth, 34, 263 (1974))
used the sublcpmef‘f)tﬁspaéd‘ﬁﬂ?‘E]E‘J‘é\‘{g]ft°t“5’?%i)’é¥‘éﬂ?‘|“%§“bé¥a“’2-250c to produce
smal | -sized AIN crystals (3 mmdianmeter by 10 nmlong). Rojo, et al.,
Mat eri al s Research Society, 15 Decenber, 1999 ("Preparation and
Char act er | 2at iNafRles b lpRwil LA nilad BB has bl il dRELEBAGSn ) T epor ts
production of 1 centineter dianmeter boules of alumnum nitride, and
preparati on ohndasolioe g@wth ©chhigos (St i cRarifle/ ST Al SIAKNS FDBINIAIAS, JUST NG
chem cal mechanical polishing to achieve atom cally snooth surfaces, for
deposi ti on of Cryal Nraaill 34 283K 989Pi & & Hahl, Ga§.dragneh S CMbAPEo, 3,603)0180v, et al .,
Materi al s ResE rch. 20 Soci et%/, Decenber, 1999 ("GN 20 nm Di aneter |ngots
own From Meftesbingh fat Gopirash NASH -4P8b HhIo98k @nd P.dsBwbisels TheNinttor mat i on of
.GaN i ngot s ,hayi . | une of 4.5 i rs3, grown fromnelt solution
by seededﬁP ec nlﬁﬁrp%ﬂgha}alfo#é) rr%pcg)?s%ttéﬁ"rwé]% ?‘g?&ﬁgggﬁssﬁﬁ'ﬁﬂé? S fVANIRELEACHA of | ess
than 2 at nospRemtSes @Y. Mtk HQWRMKERER, Rlys. 3lToP8! 33194864)). Stack

and McNelly (G. A. Slack and T. F, McNelly, J. Cryst, Growth, 34, 263 ( 1974}) used

the sublimation technique at temperatures of 2250°C to produce small-sized AIN

crystals (3 mm diameter by 10 mm long). Rojo; et al., Materials Research Society,

15  December, 1999 ("Preparation and Characterization of Single Crystal Aluminum

Nitride Substrates") reports production of 1 centimeier diameter boules of aluminum

nitride, and preparation of a-face and c-face single crystal AIN substrates using

chemical mechanical polishing to achieve atomically smooth surfaces, for deposition of

. AIN and AlGaN cpitaxial layers by OMVFE. Ivantsov, et al., Materials Research
(-; 20 Society, December, 1999 ("GaN 20 mm Diameter Ingots Grown From Melt-Solution
by Seeded Technique") describes the formation of GaN ingots having a volume of 4.5
centimeters’, grown from melt solution by seeded technique at temperatures of 900-

1000°C, at pressures of less than 2 atmospheres, and at a growth rate of 2 mm per hour,

to provide substrates for GaN homoepitaxy. Tadatomo U.S. Patent 5,770,887 discloses



to provide substrates for GaN honpepitaxy. Tadatono U.S. Patent 5,770, 887
di scloses 3 1 3 SEP 2004 WD 01/ 68955 PCT/ US01/ 07945 t he foggagpn @’
nitride single crystal material having an XRD FWHM of 5-250%s % (#

t hi ckness of at | east 80 microns on oxide buffer |ayers, to enable etch
separati on @fpedefdl € wafers, but the resulting wafer substrates wll have
alimted area due to the requirement of etching |at EYATYY¥Hr ough the
oxi de buffer layer to effect separation. 5 The size of bulk GaN nateri al
has similarly Hedermation afediridpysingleecrishabmatatial hasigabiXRD yweM ofGadoak. el evat ed
tenperature and |jmted solubility of Nin Ga nelts. The high ~ equilibrium
ni trogen press@ddhiekpess ofzifas B wigadns op exiderbyfferfayerngo grabiwmtciebhaioh ofin
extrenely high pressure_a araf,us éee J. KatEi nski, J. Jumand S

Por owski, J. CP§RE Vs o SiRerruling vpieo sibytyeies Pilkhavew lswted pict degytodhe N i n Ga,
nanely --10-5 : ' t h. essful. solution growth of
GaN (WA Til |§91'§%’°'g}°f‘?é% r%%?’%g%g‘%?‘“’"’i\‘ Pl ﬁ"i“’%fiﬁ_‘ PO the growt h
of bulk GaNssingle crystal"”, Stanford U., July (1980)). Resorting to an
econom cal | y unfavorabl e high pressure (2 x 104 atm) solution growh
techni que has VieslzdefbulieGyN sawtidl hassithiladly Seeh Efkted $3aRe thetRal HRavkify 4 €2 and
grown at 15 growth rates of only 20 gmhr. The electrical characteristics
of the bul k Gt devaill temrsubtiese shdpljmited lsbitityofa¥ in Ge et qus hghe al SO
limted by a hij ﬂ] back%round carrier_concentration in this material. The
el ectron conceAUPNTH ATEEen FRSSHYS AYST SN RSveRis BcfPnGheing Etoms thamranby

hi gh- pressure 2 i t echni ques | reater than 1E19 cm 3 (S. Porowski
J, Cryst. Gow %&?8@#%88%“(' i@_@@ﬁqs %5‘33% ﬁﬁ'ﬁﬂsﬁr'e{)‘@rﬁ“g Schsritwski {-&51se dopi ng of
this materj@l &QmSReabIAC THEULCSbitity of N in Ga, namely ~10-5 molar at 950°C,

prevents the successful solution growth of GaN (W.A, Tiller et al., Final Report, "A

feasibility study on the growth of bulk GaN single crystal®, Stanford U., July (1980)).
Resorting to an economically unfavorable high pressure (2 x 104 atm.) solution growth

technique has yielded very small crystals less than 70 mm2 in area and grown at

15 growth rates of only 20 pm/hr.

The electrical chgxacteristics of the bulk GaN material produced by conventional

techniques are also limited by a high.background carrier concentration in this material.

(_, The electron concentration of unintentionally doped GaN films grown by high-pressure
20 .solution techniques is greater than 1E19 cm-3 (S. Pofowski J. Cryst. Growth, 189/190

(1998) 153) and prevents controllable doping of this material for specific device

applications.



applications. 4 1 3 SEP 2004 WD 01/ 68955 PCT/USQO /07945 The | ack of |arge,
hi gh quality seed crystals for the (Al,Ga,In)N system has | eg tg&hzn
devel opnent of unseeded growt h technol ogi es, as described ab \ae. h @llmall
anount of work on seeded GaN growt h has nost commonly been acconplished on
sapphire (&8@usséser exanple, D. Elwell and M El wel |, pdtfRelordd Yst. G owt h
and Charact., 17, 53 5 (1988)) or SIC (see C. Wetzel, D. Volm B. K Myer,
et al., Appl. Phys. Lett., 65, 1033 (1994); and C. M Balkas, Z Sitar, T.
Zhel eva, et al The'lagkof lapgeghighogyality pred erystaly fpg the (4hGarlpldbsystym fapded tg thene
unavailability, of nitride seeds. Th ame problens assqciated wth lattice
SRR e Epi BB PRI PooRT ¢ HE QR oo ei gn

and TCE ni snat SFcORMY

substrates, al 58, 0f Gitleckd ottt b Ol Al edegﬁacﬁﬁﬁﬁ&ed%%%gmg of the

nitride during 10 gr om upon coo own to roomte rature

eli m nates thesddsef blafBRSD Hiwelfl L QL HwsHERDS.. Crist. ibih baf @RradtS 118N as 300
gnl hr have been reported (C, Wetzel, D. Volm B. K Myer, et al., Appl.
Phys. Lett"5 65198038 S(A B8AYL) Whioe!, el §.S.aleyer, jpr dd upsidPiyy. Itehe 65andwi ch
sublimation techni que. However, the total GaN thickness produced was only
60 gm because W&hUAPDrdnd €. Mo Belkasae Sétare Frfibelgvagler athoMrteRas] SoedPricn 449.5

consi derabl e cracking. Si ?rs of . GaN materi al have recently been

Si ngl e waf, ) €
produced by grdwiTg)tHs &thgﬁ‘ﬁvaﬂlﬂ?" B0t Biride §peds- g ey Problems assafiited h wer e
renoved after ip L ng . ( ; e . Al er . Dimtrov, H
qu‘qc ue}'na?lﬁan% :g‘ihﬂwlz’rcrﬁé?lcn',’ %ﬁ{d rﬁgga.xy gg%%lg?:s. d"§§m " Proc. 482

Angerer, R Hands¢ _ _
(1998) 973), Qhﬁ&h@s@hls@&c@ﬁ}lf&%uﬁc\@?&/ﬂﬂ&xﬁ/fm%{ﬁﬁ BdeRO)Critking WRHL ﬁiﬁid@éuxﬁgd
Nterlayer materials (T. Detchprobm K Hiramatsu, H Amano, and 1,

Akasaki, Appl .bulk debwts .and @jdn. co@ldofvil 3O Apm2AeBEranad dlinYinatdvbthaixdéfuindss okl kol aev, 1.

N kitina, K. Vassilevski, V.
foreign seeds. Growth rates as high as 300 pm/hr have been reported (C, Wetzel, D.

Volm, B. K. Meyer, e al,, Appl. Phys. Lett, 65, 1033 (1994)) for GaN crystals
produced by the sandwich sublimation technique. However, the total GaN thickness
produced was only 60 um because non-nitride seeds were employed and resulted in

15 considerable cracking.

Single wafers of GaN material have recently been produced by growing thick GaN
films on foreign substrates, which were removed after growth by heating (M. K. Kelly,
) O. Ambacher, R. Dimitrov, H. Angerer, R. Handscﬁuh, and M. Stutzmann, Mat. Res.
() ' 20  Soc. Symp. Proc. 482 (1998) 973), chemical etching (wet)dry etching) of substrates and
interlayer materials (T. Detchprohm, K. Hiramatsu, H. Amano, and 1. Akasaki, Appl.
Phys. Lett. 61 (1992) 2688; and Y. Melnik, A. Nikolaev, I, Nikitina, K. Vassilevski, V.
Dimitriev, Mat. Res, Soc. Symp. Proc. 482 (1998) 269) or physical grinding of
sacrificial substrates or intennediate layers (S. Nz;kafﬁum, M. Senoh, S. Nagahama, N,

25 Iwasa, T. Yamada, T. Matsushita, H. Kiyokn, Y. Sugimoto, T. Kozaki, H. Umemoto,



Dmtriev, Mat. Res. Soc. Synp. Proc. 482 (1998) 269) or physical grinding
of sacrificial substrates or internediate |ayers (S. Nakamura, M Senoh,

S. Nagahanma, N. 25 Iwasa, T. Yanmda, T. Matsushita, H Kiyoku, Y, @ggi%ao,
T. Kozaki, H Umenoto, 5 1 3 SEP 2004 WO 01/ 68955 PCT/ Usal / 079453 =lalud

and K. Chocho, Jpn. J. Appl. Phys. 37, L309 (1998)). The costs of such

| abor - i nt en¥PYEHFocesses inhibit their w despread anRly 0z%ti on in wafer
fabrication. Accordingly, it would be a. najor advance i PRE art to

- provi de an i myoyed J i njtrjde substrate for mcroel ectronic device
manuf act ure. SUMVARY “%éﬁh&é‘mivﬁn\%mm Hiye 39 BEBH(1998)v @ht @R oD ¥RLCONES
probl ens and |iivgk-tnadhi; QfesiigRr i Qr..art, by vapor 10 phase growth of
Group 111-V nitride b?l}foecs *Ci ngoétﬁﬁs TYAResHsAdEDRtic#iop fnjvéer Gbdiadtion. As used
herein, the term"Goup Ill1-V nitride" refers to a Goup Ill-V conpound

sem conduct or gm@ErgLial:, Lncluding. nitrogen. 15 The boul es of the invention
have a di mensi ona‘ﬁﬁéclﬁétr g%‘ﬁ%k{e? {98 2 YREce in dhp aetot from bhamprod gLy by sawi ng,

slicing or sot RgdeR@stitd oPRINFLECHNI ques, [nto wafer substrate sections
that are sufficiently |arge tlg&lg’glég 3Py i cati on of i croel ectronic

devices or mcroelectronic device precursor structures thereon. The boule

material has crystallinity jtabl e for such device or device precursor
structure fabrication, viz.%@%@@%@m&ystallinity. I n one
aspect, the invention relates to a native seed crystal-grown Goup I11-V

nitride boulg, L jameter greater than | centineter, and a length
greater than 1er}nﬂ‘léélr{Eigi]“r‘r{%:‘tu‘eg'r1 CYRRmERPTPRleras A3d tizpietions bfthe prive kirtftye@pand has a top

(S ur face d&f ecthasd gresitlt of Qddup IR Shitride boules (ingots) on native nitride seeds

As used herein, the term “Group III-V nitride” refers to a Group II-V compound

semiconductor material including nitrogen.

15 The boules of the invention have a dimensional character rendering them sectionable

€.g., by sawing, slicing or _pther pgrtitioning techniques, into wafer substrate sections
that are sufficiently large to accommodate fabrication of microelectronjc devices or

microelectronic device precursor structures thereon.  The boule material has

crystallinity suitable for such device or device precursor structure fabrication, viz
. . td vy

20 device quality crystallinity.

S In one aspect, the invention relates to a native seed crystal-grown Group III-V nitride
boule having 2 diameter greater than 1 centimeter, and a length greater than 1

" millimeter, which is substantially crack-free and has a top surface defect density of less

25  than 107 defects cm2,

More preferably, the diameter or transverse dimension of the boule is greater than 2.5

centimeters, and most preferably such width dimension is greater than 7.5 centimeters;



25 than 107 defects cmz. Mire preferably, the dianeter or transverse

di nension of the boule is greater than 2.5 centineters, and ngs3 SEP 203’&
preferably such width dinmension is greater than 7.5 centinmeters; 6 1

2004 WO 01/68955 PCT/USQ /07945 the |l ength (thickness of the boul e al ong
the growt h diobfgisson) nore preferably is greater thaarRsanpgnti neter, and
nost preferably is greater than | centineter. The crystal quality of the

boule generally is of a character yielding a double crystal x-ray rocking
curve full wi d%ﬁlcw&h {thigkasss AL hpaleaénwe pre¥id dirertion) 60T prfeabbcis arggerand nor e
preferably 5 | ess r h urface
def ect densi tytﬁ%f()% Egﬂ@iB‘g ?eaﬂlls gﬁﬁcpgés}%myhggé}%gg%gﬁ ? ecglgy%eh} erhé %St?s}ost
preferably t hequtalﬁp oﬁuhe b@ﬂmgedmlbrot ofdmh&ncttqr ymfduigheioulihmﬂ/ml k—$ay| reckingt han 10
defects cm Z ect, the ion relates to a Goup 111-V
nitride boul e, C“ﬁ’ﬁ @HB’“Tﬁmé’ﬁlP? %fjd g‘ @@tar"deéﬂgif fRd mgre P"é@‘?bltyhan 105
defects cmg, l@ssmaﬁﬂﬁaﬁfsce@lﬁdsaﬁdok%?e?&ab@tge tofp fulthde B & BhsityPTthedodilljsCkness  of

at least | centineter. A further aspect of the invention relates to

expansi on of dfsadiae 18 defacts| cogrand nostomsferaliyy the dapysytfere defocttdaesitgobtho |11 - V
nitride boul e,bohlg}éqésyhlgrgld.,g&&; al,2growth. 15 In another aspect, the
“invention rel ates Waf er - derived from a Goup IIl-V nitride boule of

the aforenenti oned type I n anot her aspect, the invention relates to
polishing a G0 i-V e wafer to nove, surface asperities and

n 20
i mpart a desi rléaﬁ‘g}ﬁ’? PIRE %WB‘EWW%?@“‘%" t VB ﬁ VsTHiEde bopls 83vingra 18| e, Anot her
aspect of jdie sifenibteQndeh By e Sest ald WEHGRES 82 MBKhNGerSrGr QuR $41 -V nitride

( _ centimeters, and a thickness of at least 1 centimeter.
A further aspect of the invention relates to expansibn of single crystal area from seed
crystal to the Group lII-V nitride boule, involving lateral growth.

15
In another aspect, the invention relates to a wafer derived from a Group III-V nitride

boule of the aforementioned type.

In another aspect, the invention relates to f)olishing a Group III-V nitride wafer to
20  remove surface asperities and impart a desired surface smoothness to the polished

wafer article.

Another aspect of the invention relates to a method of making a Group III-V nitride
boule, comprising:
25

providing a native Group III-V nitride seed crystal for the boule; and



boul e, conprising: 25 providing a native Goup IIl-V nitride seed crystal
for the boule; and 7 1 3 SEP 2004 WO 01/ 68955 PCT/ USO / 07945 gi%vm i
Goup IIl1-V nitride nmaterial on the seed crystal by vapor phas ;ﬁ@i& {‘:\t
a growth rate above 20, and nore preferably above 50, mcroneters per
hour, to yi‘g{)(;ll @l d boule. 5 Although the inventi onpg{,@% oEhBRl Yy uses a
honoepi t axi al seed, foreign substrates are also contenplated within the
broad scope of the present invention. In another aspect, the Goup IIl-V
nitride cryst ardvings @mreHl—‘élnittiid; wialmdﬂmewsiabwe@pw phaswpétm' ahapl ane,

c-pl ane, mpl ane .or th respect
to 10 a pri ma& Véﬁ Bvea%{ba?\nd e grl&J ok gov\el:l%(ﬁil ﬁm%ht af éﬂqmgo?wl\éﬂﬁrfacesp
(N-t er mi nat ed sgi bgleQUP II I-term nat ed) of the bipolar c-plane cut crystal
can be polished for subsequent growth or device fabrication. A further
aspect of the invention relates to a device structure including a wafer
derived 151 i R Genfiln bbterabl] GSR R hohBYRAL Qfka, AR 2L OGL eCL TONI ©
devi ce or device precursor ructure fabricated on an In e wafer,
e.g., devi ces abucdnteaplated ghithin raibtobd sygpedif the essent ihasten. di odes, ul travi ol et
phot odet ectors, bipolar transistors, heterostructure bipolar .transistors,
hi gh el ectron nobility transistors, high power rectifiers, wavel ength

di vi si on mul t inphRMeNGpden e THARBIE-V @Hride criflallille htferid SPRE irdl/or pRiSked k€S and
enbodi nents of the invention will be nore fully apparent fromthe ensuing
di scl osur e andleﬁlﬁpéWGécPi%iFai‘ piane or r-plane, etc. surfaces of slightly offcut with respect to

10 a primary crystal plane, yielding a vicinal wafer. Both surfaces (N-terminated or gronp
( INl-terminated) of the bipolar c-plane cut crystal can be polished for subsequent growth

or device fabrication.

A further aspect of the invention relates to a device structure including a wafer derived
15 from a boule of the present invention, and a microelectronic device or device precursor
structure fabricated on aind/qr .in the wafer, ¢.g., devices such as light emitting diodes,
laser diodes, ultraviolet ﬁhotodetcctors, bipolar traﬁsis_tors, heterostructure bipolar
transistors, high clectr(-m mobility transistors, high power rectifiers, wavelength

division multiplexing components, etc.

20
Other aspects, features and embodiments of the invention will be more fully apparent
(1 from the ensning disclosure and appended claims.
RIPTI F THE WIN
25

FIGURE 1 is a2 low magnification optical photograph of a GaN seed crystal produced

by HVPE and laser-induced liftoff.



BRI EF DESCRI PTI ON OF THE DRAW NGS 25 FIGURE | is a | ow magnification

opti cal photograph of a GaN seed crystal produced by HVPE and L]a:?eg-gb g ed
liftoff. 8 1 3 SEP 2004 WO 01/ 68955 PCT/ US01/ 07945 FIGURE 2 is a schenatic
representation of a GaN HVPE system for producing a boule according to one

enbodi nent invention. FIGURE 3 is a double crygtdk.hidi@yY rocking
curve, for %gﬁ%\?\afer produced by the 5 HVPE boul e rranlﬁ 1a‘(!:t“uri ng net hod

according to one enbodi nent of the present invention. FIGURE 4 is a
schenat i ¢ r eprBSURE atis owvhafatiarepiowivhipnlobs Gald EVPE sistgmdor pEddudingor hoglt ed on a
waf er derived froma boule of the invention. 10 FIGURE 5 is a schematic
repr esent at i orereesfding te opasmbgdimgy ef thefpwgdonf abri cat ed on a wafer derived from
a boule of the invention. FIGURE 6 is a schematic representation of an

ul travi ol et photodetector fabricated on a 15 wafer derived froma boul e of

the inventi On'FI %J %L_:‘s %F&u%le%g%ﬁgﬁgg%cﬁ?é?&geg?n?\%g%w \Qﬁer%iodﬁcgg ?Jg Hme' ectron

nmobi lity transi stor “fabricat wa froma of the

invention. 20 fREUREIS masuf@nSiGd) SR GecbRREAS WAt AnbRI&] of i GhediOVEr
rectifier fabricated on a wafer derived froma boul e of the inventi on.

FIGURE 9 is aipghemmtic representation of an Al GaN GaN heteroj unction
bi polar transistor fabricated on an n-type GaN wafer derived froma boule
according to one

FIGURE 4 is a schematic representation of a double heterostructure LED fabricated on
a wafer derived from a boule of the invention.

10

FIGURE 5 is a schematic representation of a cleaved laser diode fabricated on a wafer

derived from a boule of the invention.

FIGURE 6 is a schematic representation of an ultraviolet photodetector fabricated on a

15  wafer derived from a boule of the invention.

FIGURE 7 is a schematic representation of a high electron mobility transistor

fabricated on a wafer deﬁvéd from a boule of the invention,

20 FIGURE 8 is a schematic representation of a high power rectifier fabricated on a wafer

derived from a boule of the invention.

FIGURE 9 is a schematic representation of an AlGaN/GaN heterojunction bipolar
transistor fabricated on an n-type GaN wafer derived from a boule according to cne

25  embodiment of the present invention.



25 enbodi nent of the present invention. 9 1 3 SEP 2004 WD 01/ ?QREE)P 2004
PCT/ US01/ 07945 DETAI LED DESCRI PTI ON OF THE | NVENTI ON. AND PREFE

EMBODI MENTS THEREOF The di scl osures of the following United States Patents
and United States Patent 5 Applications are hereby incorporated herein by
ref erence i wobhebss respective entireties: U S. Pat enteciyppdiionas i on No.

08/ 188, 469 filed January 27, 1994 in the nanes of Mchael A Tischler, et

al ., now issued as U. S, ) 79, .. X ication No.
08/ 955, 168 fi | ed LEAIHER- '.;;::-.-- ,Nénr‘-}r‘aw oﬁij@é&%%@hééﬁk A. Tischler,

et al.; US. Patent Appllcatlun |\B usm 7, il ed Decenber 3, 1997 in

t he nanmes of Robert P. Vaudo, et al.; and U S. Patent Application No,

09/ 179, 049 fi I'md dieicabar of2he fABYBigi Uniteh Stata Baento fandROIpiydt Statky PMeudo, et al .
15 The present invention provides a nethod for producing crystalline G oup
I 11-V nitri%de,Appbcatjons ateAgrei@Hndorppiated herein by roffrants ip heigiesnestiys sntisasiet: | onal ar ea
(> 1 cmin dianeter) and length greater than 1 mm on l|attice-nmatched
seeds. The deposition is carried out by high growh rate vapor phase

epi taxy to el Ilpérf’al%exﬁtd}pglecg q? {)29{8?%6&(0[8& Jal, ?%blbgfl cnargﬁ ofgl' e(?SSUI‘ €

apparatus. Lar eas are suréd T fise of Iar ge
ar ea, Iattl c H‘Ehﬁé}e&alské\&E&u@@asﬁ?@%tent%%%‘lﬁs native (AI Ga, In)N crystals.
I.ndi vi dual wafér costs are reduced as conpared to the substrate renoval
processes si NGEes.orgnbAuhiRadoa No. WB/959188I Glad @diobent20, MY tik pheeninl s for
epitaxial growh and device fabrication.

10  Michael A. Tischler, et al.;

U.S. Patent Application No. 08/984,473 filed December 3, 1997 in the names of Robert
P. Vaudo, et al.; and
U.S. Patent Application No, 09/179,049 filed October 26, 1998 in the names of Robert
P. Vaudo, et al. | |
15
The present invention pr'ovi&es a method for producing crystalline Group II-V nitride,
e.z., (Al,Ga,In)N, boules with large cross-sectional area (> 1 cm in diameter) and
length greater than | mm, on lattice-matched seeds. The deposition is carried out by
high growth rate vapor phase epitaxy to eliminate the need for a cost-prohibitive high
20 pressure apparatus, Le.u'ge single crystal areas are assured through the use of large area,
( : lattice-matched starting seedé, such as native (Al,Ga,In)N crystals. Individual wafer
costs are reduced as compared fo the substrate removal processes since one boule can

be fabricated into multiple wafers for epitaxial growth and device fabrication.

25  As used in such context, the term "(AlGa,In)N" is intended to be broadly construed to

include respective nitrides of the single speeies, Al, Ga, and In, as well as binary,



25 As used in such context, the term"(A ,Ga, In)N" is intended to be
broadly construed to incl ude respective nitrides of the single fspeSEEs20M4
Ga, and In, as well as binary, 10 1 3 SEP 2004 WO 01/68955 PCT/ US01/ 07945
ternary and guat ernary conpositions of such Goup Ill nmetal species.

Accor di ngl ywotohraesst erm (A, Ga, I n)N conprehends the rowpooras Al N, GN,
and InN, as well as the ternary conpounds Al GaN, GalnN, and AlInN, and the

uat ernary conpound . Al S.in cl ature.
\?\hen t wo gr n? aréia"dtcﬁléte‘?ﬁCdrflﬂos“"ggf)ns)uc O et?aqs Bee g‘scw Jr?'égqrgg’esent al |
possibl e compagif {Aqné ﬂ%mpaeﬁagdsstwwyo%?m Gan, arBrIWOaELJeQQ§&@S vwell as

"of f-stoichionetr port ons respect to the relative nole

fractions prest@raﬁry%nﬁaﬁlhs QflGimer(I@a afl AIThN)) arf@OTED Qfa@Bkhar§ PREHEMdt hat are
present in the conposition), can be enployed within the broad scope of the

invention. ActlcakNnglsyecies includel in sheh rappictaoira tV&dn twhvat mbleef i @EH, A di scussi on
of GaN materials is 10 applicable to the formation of various other (Al,
Ga, | n)N nai erlinedomppreni speries Wegrprasers a&@p@@l@%ﬂﬂsﬁi% inglndingtsroiphiogeteic descr i bed
more fully bel ow and incl ude growmh on Iattlce tched seed c stals, and
boul e growt h HPEPRTIGR &k H © SE""U’QB&‘P" pheRogtong ! a[?(sg‘?“f \713%' relfiy® SEEDS  FOR

BOLE GROAMTH Natleh%/ aectxcr»]r{s;[RA;elscn? otsegc% oF thng? é%p Ilﬁ%grrm%l'mf&ec)(csrﬁ?hgp rgseiltn al | oy

COI’TpOSI tion tO ate tral n associ at ed

wi th thernal q&efcédlsdsﬁm)he;& %é&%{ﬁﬁg&l‘ withih i3 R0 dodtlet b1 @re MinddiBecD ef fect s,

and facilitate the grow | ong boule material (> 20 10 nmin axi al
extent) wi t hoWcesriiagl ingill by SPresih@ad thange ehibingdisdussioN et matydatsaks nmay be
roduced by any neans, including, but not limted to, growing thick filns
on foreignl0 applicable to the formation of various other (Al, Ga, In)N material species.

Various aspects of the invention are described more fully below and include growth on

lattice-matched seed crystals, and boule growth by high growth rate vapor phase

epitaxy (VPE).

15

Native nitride seeds, which are closely matched in ai[oy composition to the growing

boule material, a]le\(iat; tﬁé strain associated-With fﬁermal cocfficient of expansion

(TCE) and lattice mismatch effects, and facilitate the gro;r&th of long boule material (>
k,; 20 10 mm in axial extent) without cracking. Free-standing (AI Ga,In)N seed crystals may

be produced by any means, mcIudmg, but not limited to, growmg thick filmis on foreign

substrates that are removed after growth by thermal, chemical or physical elimination

of or separation from the sacrificial substrates (examples of free-standing (Al,Ga,In)N

material and an associated preparation method are disclosed in pending U.S. Patent

25  Application No. 09/179,049 filed October 26, 1998 in the names of Robert P. Vaudo, et

1



substrates that are renoved after growh by thernmal, chem cal or physical
elimnation of or separation fromthe sacrificial subst rates {exampies of
free-standing (Al,G,In)N nmaterial and an associ ated prepar ‘ati on nmet hod
are disclosed in pending U S. Patent 25 Application No. 09/179,049 filed
Cct ober 26, wkPfABsobsn t he names of Robert P. Vaudo, et tdridR/0O94568955

PCT/ US01/ 07945 al . for "LOWDEFECT DENSITY (Ga, A, In)N AND HVPE PROCESS

R AR NS SV Bl B e JorAn 15) bR aBless gpe or e Gon

appr oxi mat el y . |y ;@gl by HVPE-optical liftoff. Since
t he process of e prsgé@n %aﬁ{\}esnliaﬁegﬁl pr&?u'ces high quality (Al,G,In)N

boule nmatefrial, individual wafers, fromsuch process can be harvested as
seeds for future boule production. Continuous inprovenent of boul e
charact eri sti CBorlnfple, laféRrca Gl e@is With ativdaitioy densiowess tatKgmSundan npurity
concentration, larger area) can be perpetuated through the use of seeds
obt ai ned from st essexinedta)y ot ane rdgdily fermable by FYFE-opfigal hftefii de hi gher growt h
rate, inproved boule crystallinity or inproved suitability for epitaxial
growt h and devi ces, the seed may be ori ented al ong any nunber of

directions, 15 inc|udin t not i axis or
r-axis. In add?vﬁe the PIORE § gtbtgtaprﬁ%ﬁ}t myen 10 ro& f:és hpght%jal% (% qmr om a
primary cryst e f in a
particul ar di ?lclgggé ! %ndl%uamgfﬁl@g?opi cét}tglt gﬁ% &%&egigggﬁdoms?éﬁgq%o%%;f) pl ane may

be directed t oyRlGPodidiRn. <C6n14%u?m€ﬁ’ovﬁ1h@1t&Bbﬂ?@hahcﬂhd’n&ﬁ(felgomﬁer defeeraddi ti on,
both sides (N-terminated or group Ill-term nated face) of c-axis ori ent ed

( seeds may he 2@nenyplosye thckpount oupuwity cawtaationplatgaxired) cgr bavpkrpetertedi ce
fabrication or device performance advantage. Although | ess desirable,
forei gn seeds Wfoughtheys aﬂssedseiﬁﬂneéﬁoglarfﬁﬁﬁlrﬂy bsfterdple @eseriakar bi de.

To provide higher growih rate, improved boule crystallinity or improved suitability for

epitaxial growth and devices, the seed may be oriented along any number of directions,

15  including, but not limited to, c-axis, a-axis, m-axis or r-éxis. In addition, the seed may

be offcut up ‘to 10 degrees from a primary crystal axis. It may be beneficial to direct

the offcut in a particular direction, e.g. an offcut of 5 degrees from the (0001) plane

~ may be directed towards the < 1100 > or the <1120 > directions. In addition, both
sides (N-terminated or group Il-terminated face) of c-axis oricnted seeds may be -

(, 20 employed for boule growth, epitaxial growth, device fabrication or device performance

adv'antage.

Although less desirable,. foreign seeds of materials such as sapphire or silicon carbide.

may also be employed for the process of the instant invention. Thermal expansion



may al so be enpl oyed for the process of the instant invention. lhrjergﬁj
expansion 12 1 3 SEP 2004 WO 01/ 68955 PCT/ USQO /07945 m smat ch- or¥ | tiz(gg‘,’
m smat ch-i nduced strain and cracking nmay be relaxed in the seed, rather
than in the boule, due to the conparatively larger thickness of the boule
mat eri al . | goagedsi on, conpliant and ot her nmeans may fgudamchsd O M tigate
the differences in 5 thernmal and lattice match between the base seed and
the growi ng boule. Alternatjvely, in situ cgarting or renpval of foreign

seeds may be eRpTEFEAr PEiceRismtHindicedirpnaphirichng May pfiatedds heeeehf t her mal
expansi on msmatch, I.n dition, interlayers between_.he seed and the boul e
P T tth%rﬁ[baln 6@/%%%“%’ éui 6:1 ﬂéﬁ cioreng?.r%t}%lyé ef t‘?ncwr%s Otf éhlgz%%nﬁe g narl

material may b e ain, a e er ectri cal
characteristics, reduce defect density, permt separation fromthe seed, or

facilitate growh nucleation. Such interlayers could be deposited by

various techniguasiions d6hplias $h@othex @l May 8P Qed ) aRfate Mie @MdfercdRE) |
chem cal vapor deposition (CVD), physical vapor deposition (PVD), nolecular

beam epitaxy thdvBH)and hekamarcigi@nyeen thapae sephad eheapivtimpbpule VBNGREaYiyelr hydri de
vapor phase 15 epitaxy (HYPE). Such interlayers nmay be formed of any

sui t abl e mat erip situparting efl rgrapvalef foreign saesty may padmplpysdon elingipgte @apliggliotsor ot her
Goup IIl1-Vnitride, SIC, SIN gbei ng one preferred interlayer material for
reduci ng def ecdforHBHYF ofhgmale i@athng oxi des. Patterned interlayers
may al so be used to facilitate defect density reduction and strain
reduction, as for exanple with lateral epitaxial overgrowth techniques.

Interlayers may dftidACinfeRiydRGbei¥erthEFLE M thebtle i nibriall iy RQEBRFANEN
rreactive ion etching or other nodification of the seed crystal. Such

(if_ nt erl ayer s0 maylevidte Windif,odlar der deckichlh ehameedktion reduesy défect plabsitgr peadit t O
favorably inpact the growth nucl eation, boule separation or boule material
i mprovenent s. sThratiom{remtikegreed, of fapilitete aroval nicieption| Bpely gtegpyersrponlé be ul | y

deposited by various techniques, such as for example vapbr phase epitaxy (VPE),
chemical vapor deposition (CVD), physical vapor deposition (PVD}, molecular beam
epitaxy (MBE), metalorganic vapor phase epitaxy (MOVPE), or hydride vapor phase
15  epitaxy (HVPE). Such i-nterlayers may be formed. of lelmy suitable materials, including,
without Timitation, (ALGaInN or other Group III-V nitride, SiC, SiN (being one
.preferred interlayer material for reducing defect density of the boule) and oxides.
Patterned interlayers me';y also be used to facilitate défecf density reduction and strain
reduction, as for examplie with latéral epitaxial overgroivth techniques. Interlayers may
(,\ 20  be formed by chemicaj reaction, ion bomﬁardment, reactive ion etching or other
modification of the sced crystal. Such interlayers may be uniform across the seed or
may be pattémed to favorably impact the growth nucleation, boule separation or boule
material improvements; The advantages -;of pattcnicd interlayers are more fully

described in US Patent 5,006,914, Beetz, Jr. and US Patent 5,030,583, Beetz, Jr,

25
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described in US Patent 5,006,914, Beetz, Jr. and US Patent 5, OS‘P
Beetz, Jr. 25 13 1 3 SEP 2904 WD 01/ 68955 PCT/ US01/ 07945 In one ngipt 2884
the invention, defect density of the boule product is advantageously

m ni m zed by thick boule growth and use of suitable seed crystals, e.g.,
seeds W th ugifdags suitably |ow defect density in thegdijkslmldIStance, or
which are patterned or otherwise treated to facilitate defect annihilation
during boule growh. The invention 5 contenplates the use of seeds
patterned wi t Hn erecispagt pfcths Bremtion defesh dengity efghobpsletprpdict ispaduanisgeougly owt h on
specific regions of the seed and }Frormte | at er al ?rowth in order to

reduce def ect "HRR&et Yy thigkebopls pemth aid use o siahls s Faials etghéee%é"ﬂbf conpl i ant
seed crystal g that, f3 NG dReB% gﬁ% tFrs tst%ﬁcg, rr@tﬁc.fﬂa%r at%r e%@grm&l

coef ficient of NERBERY; SH LS ween' Tt eri a oul e materi al
for such pur pQggey;d Qrehtsd faqacgnéte aef&?gmmﬁgnsaﬁry@tb@mé 5@{;}@& @fms tmtlby t hi ck

boule growth, 1t 1s possible to achieve very efect levels in the
product boul e comdnldtadl the e VEGecl PikMed WitH eRhed rég%ns GAa cdarel Yegsee dlisat Obt ai ned
from (Al, Ga, I n) N boul es may be advant ageously used for subsequent boul e
growt h. Mat er ipgevent bawtiomepéciicireions pitbd wed mg pfaprotedxermtprevid &f erder to densi ty
reduction, inpuri concentration and area expansion, nmay be progressively
15 i npr oved dmdP‘l"?chff‘GUf‘f‘éﬂ@’r OWH“VEP@&CHISHQWW@“H@F& by “ﬂe‘ifl%@P[tj‘ﬂfa?eF‘f y materi al

W th subsequent

wt h d t al
obt ai ned from ‘%’éiﬂ&l tHiBoffﬂ'rgof?afcé?q“ﬂ?d%mo%tt'cﬁ?igés\é’gﬁﬁlg g?m?lhcoeﬁee nys asZed
crystals are bonigs r{n%aﬁowt&e BT AGEAN 1aRE bk A AS Qén PN @ thi ck

LA, Ga, In)N st ayer on a Issimlar substrate and renoving the
(di ssimil arjosulpsihg ap@mibys REY siyGad and HRARY ik KR MEreah, iTRaRSsibIORL such

achieve very low defect levels in the product boule material. Since single crystal
(Al,Ga,In)N seeds obtained from (Al,Ga,In)N boules may be advantageously used for
subsequent boule groﬁh. Material characteristics, including for example defect
density reduction, impurity concentration and area expansion, may be progressively
15 improved during boule growth, leading o better: device quality material with
subsequent boule growth and progressively inproved seed crystals obtained from said

boule material.

In one aspect of the invention, seed crystals are formed for boule manufacturing

B i
(‘.--“ 20 method by growing a thick (ALGa,In)N starter layer on a dissimilar substrate and
removing the dissimilar substrate by physical, thermal or chemical means. One such

‘native seed formation technique uses optical hftoﬁ' to remove the dissimilar substrate,

Optical liftoff separatién of the (ALGa,In)N film from a dissimilar substrate is

25  accomplished by interface decomposition induced by photonic energy. For example,



native seed formation techni que uses optical liftoff to renove ht BeSEP 2004
dissimlar substrate. Optical liftoff separation of the (Al,G,In)Nfilm
froma dissimlar substrate is 25 acconplished by interface deconposition

i nduced by photonic energy. For exanple, 14 1 3 SEP 2004 WD 01/ 68955

PCT/ USOL/ 079%>oiusssing a GaN seed crystal as an exanpl epcidigfsadl seeds may be
grown on sapphire wafers and then separated or "lifted-off' the sapphire
by laser-induced heating of a thin region of GaN at the GaN sapphire
interface to pﬁ’ﬂa%;&é}aﬁrsgf‘é‘-@fsshm HF<ENg ther{EaNasseds g bragosneg®PPhie ght of a

Q switched Nd: YAG | aser may be transmited through,the sapphire for such
purpose. Since the aﬁ%%’? %sﬁp%zﬁ%‘foéyhf%g'oglf %’&F?P?tﬂlfeé%%%é""idﬁcéd %Rf‘%‘%ﬁ(’ﬂj‘hp, t he
i nci dent radi atrég% of %aféla?éﬂé %@]d/sdpﬂhix% iﬁtma@e lo og[tce(f eg-st ng(&a .hlﬁle ’

ht ( -3 Joul'esicnk for

Sufficient absorbed light (e.g., greater than about

GaN) induces t harwatiengleR@IPOSQIsWRReONd: YRE 1hbi Hay bt BhEBGdBhoh@ANss and
separation of the GaN fromthe sapphire. To achieve sufficient |ight

ener gy, a beéamsapigie fersadh perpotehBincetitivphaoetheay aalighely atoee tho Gempinaypd and t he
beam may be sequentially scanned to produce |arger area free- standing GaN
mat eri al . Sepathgtindéent ragiatianhis aBsoed i  dltin daybrst7p amd of heoGal. clufffidient t of f  nay
al so be acconplished .in situto the growh process, with the (Al,Ga, In)N
mat eri al bei ngat?‘?gﬁ%ﬁpa@t 458 SRR éb"%So'ﬁe’a‘fjgf"ﬁ’e fﬁrgﬂ)ﬁ“‘?"é?ﬁp@?%br eto
reduce strain r
Aﬁé&%naﬁci?w?n}\l&f i iRl &?e?f

[ h her nal i ci ent qf expansion
bet ween t he ( nateri a a‘%ﬂérg’?rﬁréé ﬁ?%resqﬁ%'r'noﬁt%?&ag{fos ‘(rg%fagl.’ e

Alternativel y, T AidabitfiGend e NP bl mih HERATRL AL Bla QOEndy e OF 10 ONe
ulse with a sufficiently higher power radiation source. 20 The structural

char act eri 90i cem@dyes uah the dedn @y bt atquemminly se@inyd toOduca Mrget Qreh HiQe-Ul t i Mat e

quality of the Il1l-V nitride boule grown on them To verify the suitability
of the seed  standing GaN material.

"Separation from the dissimilar substrate by optical liftoff may also be accomplished in
situ to the growth process, with the (Al,Ga,In)N material being held at a temperature
15 npear the growth temperature to ;éduce sfrafn due t(-) differences in the thermal
coefficient of expe{'nsior; between the (Al,Qa,In)N rﬁaiérial and the; dissimilar substrate.
Alternatively, the ént_iré seéd wafer can be separated at one time or in one pulse with a

sufficiently higher power radiation source.

Y\

(J 20  The structural characteristics of such seed crystals are very important to the ultimate
quality of the III-V nitride boule grown on-‘them. To Vt:ﬂ'ify the suitability of the seed
crystal for use in a specific application, plan-view tfansmission electron microscopy
(TEM) may be employed to determine the typical d(;,fect density of the top surface of

the seeds. For GaN, for example, such seed crystal top surface defect density is

15



crystal for use in a specific application, plan-view transm ssion electron
m croscopy (TEM may be enployed to determ ne the typical def eét glgnsi ty
of the top surface of the seeds. For GaN, for exanple, such Je dS ry%&ﬂ&l
top surface defect density is 15 1 3 SEP 2004 WO 01/ 68955 PCT/ USOI / 07945
desirably | @saidshgn 107 cm 2, which conpares favorablprek@n g def ect
density observed in |large area GaN epitaxy. BOULE GROMH 5 The deposition
of (Al,Ga,In)Nin accordance with the present invention for boule growh.

i s advant ageoudssiipblydesp thag 1 G wm 2hyhieh depgtiesfrvovably te the defoct densitpdvesesdepi t axy
(VPE) techni ﬂ'uff“ Si ng:'e gr,owth in the vapor phase proceeds further from
equi | i bri um t HAFEeR2 BN GRIRY - onal bul k growth techni ques and | arge anmounts
of N-reactant can be supplied conpared to Goup Ili elenents, the need for
a high pressure apparatus is elimnated. to Boule growth in accordance with
the present i ny@emtd @Rowgpadvant ageously carried out under specific process
conditions to achieve Goup Il1-V nitride substrate boul es of °~ superi or

character. 45 The dejudsaibm ofl @8|CageiNNn Gbcokdan@UatPmE pWbdnh inREREP kR Mome OVer al | .
processing duration, growmh rates in excess of 50 pm hr are advantageously

enpl oyed, wi t tergrtoistaiivantageessly qarriss o $3 a high g2@0 rgenvdpor fheierpitagy /RE) r ed, and
gromh rates in excess of 500 nmf hr being nost referred. Gowh is
beneficial Iy dgPrawd Sige erawthtinthp sarat RipePreseadpiiaper fom rauibigomdha in about 1100C
for GaN, between abo 50 and .about 00C for N, and between 20 about
700 and about “GHEC" agib"]?‘ﬁfﬁ“%’mﬁ” ‘fhﬁ'q‘éedjai’]%‘t%ﬁ%ﬂ‘f‘%“_.msl?@h%aéﬁm_tcﬁ‘égee‘" xg‘_fﬁ'r‘f)e_r at ur es
DEI NG NecesSalymbdla & loy M teiRed r 4 i Brdssire WPl Wilnfielt LI 1 L
! 10 ‘
Boule growth in accordance with the present invention is advantageously carried out

under specific process conditions to achieve Group III-V nitride substrate boules of

superior character.

15  To obtain desired high throughput with acceptable o:vcrall processing duration, growth
rates in excess of 50 um/hr are advantageously employed, with growth rates in excess
of 200 pm/hr being preferred, and growth rates in excess of 500 pm/hr being most
preferred. Growth is _‘bgneﬁcially carried out at temperatures between about 900 and
about 1100°C for“GgN;, ljé}ween about 950 and‘a.bout 1200°C for AIN, and between

20 about 700 and about 900°C for InN, with_agijustm_ents between these temperatures
being necessary fqr alloy growth, as is readily determinable within the skill of the art

" by straightforward empirical determination.

16



by straightforward enpirical determnation. 16 1 3 SEP 2004 WO 914 6§9§520U%
PCT/ US01/ 07945 Precursors for the VPE process may include, but ‘are not
limted to hydride, chloride or netal-organic precursors. NH3 or other
N-cont ai ni ng precursors, e.g., hydrazine, am nes, polyamnes, etc., my be
enpl oyed t o WSr@d4¥%8fe t he Group V species. The alloy ceemuseiwesen i n the
boule is readily controlled by the individual flow of Goup IIl 5

precursors. Th ' i. 0} C r s, pr.eferably maintained
at a consi derge%é%}lgaf%%%b% %#\?v&%g{'% l%@% b? %aeeléglg'ﬁ%edlt? ?ﬁﬁgeé%tlfrr@%gr flow rate
(e.g., NH3/ G oppi-debdnicl prllisbAR! 1 198, &f odQ ﬁ.em.la@@&) GroRTERN hlididr €
dependent on the fréactil%)n of NH3 ' deconposi tion ﬁ‘ljél(r) mnggiespeéti ve
precursors wheimingt st clcQ mbhie: @ippkdto pRaid 6 GEap Wl spechavimesidyf i ci ent
residence tinme in the reactor to permt their adequate m xing. Mxing timnes
of N and gr ougpnipbditiqurie e bavlesis séndilyt chniyelied rball theyinflieidhad Slowtdi hougbldiut 20
m crosecond to minimze extraneous gas-phase reactions. 15 As an
al ternative’ tPpecvEPguphy flow of diculNsomeuys piggirioe inprisgblyi mantaingd atiat r ogen
precursor 20 25 to forma stable |iqguid osition at anmi condi tions,
Whi ch then'is SEPTSRDUEEE dov iz g o lorsPoeidPH s G5 QUHE el | ver y
system as foryex ks 1040 §odoYaPE i 0P S dedetbekdl I - al..nb. S, Pat ent
Nos. 5, 204, 314 an ,%3%? 32@ I'n suc iaquiﬁd dfﬁgﬁcvern;h&ﬁ%g%ne(gsfsrfﬁt he
solution is vaReéhp&todo form precursor vapors that are transported to.the
growm h reactor for carrying out epitaxial growh. Typical Goup V
precursors include am nes, polyam nes, hydrazine, etc,, and typical G oup
(HI precursors include halides, -
o 10  The respective precursors when introduced to the growth reactor should have sufficient

residence time in the reactor to permit their adequate mixing. Mixing times of N and

group III precursors should generally be less than about 20 microsecond to minimize

extraneous gas-phase reactions,

15  As an alternative, the Group III precursor(s) may be mix:cd with the nitrogen precurser
to form a stable liqui-dfcompc‘)sition at amb;ént coaditid;ls, which then is delivered to
the growth reactor using a Hquid delivery system, as for example of the type disclosed
in Kirlin et al. U.S. Patent Nos. 5,204,314 and 5,536,323. In such liquid delivery
process, the solution is vaporized to form precursor vaﬁors that are transported fo the

\k 20 growth reactor f.'or carryiné out epitaxial growth. 'l;sr];icél Group V precursors include
" amines, polyamines, hydrazine, etc., and typical Group III precursors include halides,
hydrides, metalorganics, etc. Several Group IIf precursors may be mixed in one -
solution to produce a binary or ternary nitride boule, and dopant precursors may also be
mixed in the solution to praduce n- or p-type doped h(;ulés.

25
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hydri des, netal organics, etc. Several Goup Ill precursors may ?esdgp ;ﬁlﬂ‘}i n
one solution to produce a binary or ternary nitride bottle, ‘and dop
precursors nmay also be mxed in the solution to produce n- or p-type doped
boul es. 17 13 SE P 2004 WD 01/ 68955 PCT/ USOL/ 07945 Defect density of the
boul e produsb sir@esadvant ageously m ninmi zed by thick bauresgomet h and use of
suitabl e seed crystals, e.g., seeds with either suitably |ow defect density

initiall i ded, or which are patterned. or. otherwise treated t
Faci 11t e der Bt SRR o5 ATRO G HETBBTID) Gones o AT Pae YRl y,

compl i ant seed, gr ystal ?ablte rs]eactd cfaygt%ls,te.ogg %ec%g ﬁ&gg?xgl%ﬁabiyalg& i&&@c’t mrél ch or

thermal coeffi®’é etof(%’f‘l expansi‘on-"m-=snat c ween “seed materital and

boul e-materi al ;,aLE, ﬁJo%@edb_%P%icﬁia?e' pdiBfed B ShPWEDUSRed tShaBaORLEM zed seed
crystals and optirmally thick boule growth, very |low defect levels in the

product  boul e;aBfifibh AlringEbolle, grébeh,. &Qterrd@RBl tingfiadtasa dsan thatQecin z are
achievable in the practice of the present invention. 10 Single crystal &GN
seeds obt ai fiedactanomdaa Mitzeuliestchey thirmakbadefiritr g operisipgn-misrdtch betwessybsequent
GaN boule growth. The defect density is progressively reduced during boule
growt h, | eadi niged mrteriet ndpboglepieral agalse bapetipi B fhiy Puggoten UsRR SRHRIEHAL gr owt h.

15 Large area wafers are of re commerci.al interest than,.snaller wafers
because nore Ye\§EES a&ﬁﬁ?‘ﬂ%ﬁ“ﬁﬁ*ﬂ‘d‘@e}é‘agﬁwtﬂ’a‘ﬁ gorw ‘\Eﬁgﬁéelf‘éeﬁ i ffie; PLOdUEY ant ageous
to produce |arge gf f Hles Foi8nan b el areSERElabI€ idibe prlice@@N. MBY have
limted size. ‘ng-’g‘r"’%&?"%%t %E’o‘f&%ae on’ Suc seed,art he éaNmboﬂulT e ug:fr owt h

condi tion can Re,adhyskmdn. such as for exanple by use of higher growh
tenperature, higher NH3/Ga ratios, |ower pressures, desirable thermal 20
(gr adients amd non-uniformflow patterns, so that. single crystal GaNis
grown both in ‘
Single crystal GaN seeds obtained from GaN boules may be advantageously used for
subsequent GaN boule growth. The defect density is progressively reduced during

boule growth, leading to better device quality material with subsequent growth.

15 | Large area wafers are of more commercial interest tﬁén smaller wafers because more
devicc§ can be prodﬁced on larger wafers. It is_ advantageous to produce large area
wafers, but the initial seed, e.g., of GaN, may have limited size. For growth of GaN on
such sced, the GaN bc;)ul:e g;owth coﬁdition can be ad_fusted, such as for example by use
of higher growth tempeiatﬁfe, highe.lr NHJG# x.*z.atibs, lt‘)wcr‘ pressures, desirable thermal

Q 20  gradients and non:unriff.)-rr:;‘ﬂow pa.tt.e:rns, so that sinéle .;:rystal GaN is grown both in
the direction perpendic;tlaf to the seed and in the direction paralle! to the seed. The
edges of the seeds sﬁou]d be bare single crystal facets to facilitate replication in the
latera) direction, In such manner, the single crystal area of the GaN boule will become
larger as the boule grows. The large single crystal area GaN wafer can again'be used as

25  seed to produce even larger boules. With each subsequent growth, the single crystal
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the direction perpendicular to the seed and in the direction parallel to
the seed. The edges of the seeds should be bare single crystal ¥ &t 9ogb
facilitate replication in the lateral direction. In such manner, the
single crystal area of the GaN boule will becone |arger as the boule grows.

The large siyagl&.&rystal area GaN wafer can again be 5 seed to
produce even Iéraer boul es. Wth each subsequent grov#ﬁ?lg?lﬁ)zwéi ngl e crystal

18 13 SE P 2004 WD 01/ 68955 PCT/ US01/ 47945 area of the GaN can

corr espondi ngl gedodf thaubedhem @rpasrdadly baddihen expali¢dy Addikpelbu exponfe of] at er al
grow h surfaces or crystal planes can accelerate the |lateral growh rate
and accel er at Btetah gt @Ffages ok FaFHY| RAesoten s emtsuthe fatesal Eeovwilh sajeopnd

encr oachnent of he%ﬁlip I(—i: crysta ha%)eg, care is taken to mnimze spurious
pol ycrystal | i naé”%‘?’?f RlaGre pRATSOB 8L e PYEs. Providing bare crystal facets to
enable lateral growth of high quality material will prevent waning of the
single crystal area. Alternately, the edges of the crystal can be coated

with a growsh tdRhiten&eachBtnbf i sindCorghial arsd, Edre 9%k 8 Whnifa 8 sfzabls to
mnimze growmh of any kind at the edges. 10 Additionally, inpurities
(surfactants) pharysellinsgavtaht thheedddgest Pobidiog bagktidrysid) fagetomedubledatersiont r ol t he
formation of the crystal: Surfactants nay be enployed to control the
structure (e. cggrowth i higho aualityx mafernd | Will p@ﬂmwnmaiqfdgwwe anabpreglopant

i ncorporation. In conpound m conductors, .the stacking order of the atons
(how t he at onsMFEcp KE& eiﬁfﬁ‘élc’a’fq”\fé" E"’o“’&ﬁ‘?@ Wil 3Byt Wﬁigit‘ég Bp6Mlratio is

unchanged) ca agW, whi.ch koot . i , electrical and
optical propeﬂf’%’és’bb?rvgg‘ égfgg&[?ltﬁnr%ﬂ%{%ﬁtgff&%?(p%xﬁzﬁgﬁ%%, in SiC, over 200
different g§acking arrangenents, or polytypes, have been identified; the
nmost common are 4H, 6H, 1SR and 3C. In GN, cubic, hexagonal (2H) and

Additionally, impurities (surfactants) can be used at the start of or during growth to
control the 'formatién of the crystal. Surfactants may be employed to control the
structure (e.g., cubic or’hexagonal), growth uniformity and/or dopant incorporation. In
compound semiconduct‘ors_, the stacking order of the atoms (how the atoms are placed
15 relative to one another while atom ratio is unchanged) can vary, which in turn affects
the physical, electrical and optical properties of the resulting crystal. For example, in
SiC, over 200 different stacking arrangements, or polytypes, have been identified; the
most common are 4H, 6H, 15R and 3C. In GaN, cubic, hexagonal (2H) and
rhombohedral (9R) (see; for example, (H.Selke et al.,. 1. Cryst. Growth, 208, 57 (2000))

(\‘-"’ 20 polytypes have been produced to date.

The polytype produced can be controlled, in part, by adjusting the growth temperature
{Matsunami, W.S. Yoo,. PhD Thesis, April 1991, Kyoto University), the pressure, the
seed or substrate orientation (e.g. vicinal surfaces as a template) and through the

25  presence or abscnée of selected impurities (H. Iwasaki et al., Appl. Phys, Lett, 63, 2636
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rhonbohedral (9R) (see, for exanple, (H Selke et al., J. Cryst. G owh,
208, 57 (2000)) 20 pol ytypes have been produced to date. The pol ytype
produced can be controlled, in part, by adjusting the growh t g3t %E’f
(Mat sunam, WS. Yoo, PhD Thesis, April 1991, Kyoto University), the
pressure, tweossmsed or substrate orientation (e.g. Vviegkosknsdsrfaces as a
tenpl ate) and through the 25 presence or absence of selected inpurities (H
| wasaki et at SEP 2004 WO 01/ 68955

) | Phys.. Lett. 6 636.19 1 3
beeT OS017 0704519085 s AR es T i g FR A PER e I CEPeDLY M Eace

structure or ohaLahiy el 0L B0, pRLELALSRL A alPeofilhAiskges on @

pl anar or ste surface and consequently altering t

structure. A U Baldny ShburdrAlRGHVely Ot alidiNonalty) e ifiifidstna S1edT B vakt €1 the
bul k properties of the crystal (effecting small nodifications of the

| atti ce const gidpeties bhike bryathloeffectiy enall tniddificatiofy ofdié Ribticé Bonbtaitt Br &kf ect s t he
subsequent stacking of |ayers. The presence of certain inpurities, or the
fractions of giastmric sionwite) twhichtis twn efferis the rmabseaeriostacking of lagap dfie
“incorporation (site conpetition epitaxy) (D.J. Larkin, F.G Neudeck, J. A
Powel |, and L.REgsenphPirsrtainpppuritioseny the fipgtiops of growthognsytuentarraspiyt, iaay alspy st al
quality (S. Kamur T. kai., M Senaoh N Phys. 31, 2885
(1502)) . To THR TR eraralied Wt e oalapar iy EP vt M NI L A e et on
of crystal stradgtimirgadng Mahd)AFpE Pnys"LLLGHCIdsO R1gaky) GPE\‘yQﬁfqﬁﬁﬁfﬁﬁu“ ng boul e
growt h. - The seed crystals are “advantageously poli'shed”and et'ched to renove
surface def ectMakanaiis] Tt MOKH, 08 BeyohTbe angs. PR, 31Ty QSR cont anmi nants prior
-0 boule gromh. 15 In general, the process conditions nay be readily
enpirical |l 0 determ ned by variation :

The seed crystals are carefully prepared to enable replication of crystal structure and
minimize introduction of new defects during boule growth. The seed crystals are
advantageously polished and etched to remove surface defects, and thoroughly cleaned

to remove any contaminants prior to boule growth.

15
In general, the proéess canditions rﬁﬁy Ee readily empiﬁ'cally determined by variation
| of a specific process co._ndit:ion with boule r;;étcrial ch_arécterization as feedback. Some
of the important- matéria'l.: characteristics whi(;h rﬁa;y Be optimized include defect
density, surface rﬁorphploéy, crystallinity, electrical ﬁna: 6ptical prope~rties, as well as
(Jf 20  damage caused in mate;rial handling and wafer fabrication. The defect density can be

characterized by TEM correlation with decoration etching (hot sulfuric/hot phosphoric
acids) and/or atomic force microscope (AFM) measurements. Surface condition can be
assessed with AFM, SEM, Nomarski optical microscope, AES, LEED, Kelvin probe,
EDS or other suitable analytical techniques and devices. Crystallinity can be assessed

25 by double crystal x-ray diffraction, quadruple crystal x-ray diffraction, and optical
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of a specific process condition with boule material characterization as
feedback. Some of the inportant material characteristics whi ira] bZ%
optim zed include defect density, surface norphol ogy, crystal.li fgﬁﬁ’ 04
el ectrical and optical properties, as well as 20 damage caused in nateri al
handl i ng amdowak®s fabrication. The defect density caecrienatem acteri zed by
TEM correlation wth decoration etching (hot sulfuric/hot phosphoric
acids) and/or atom.c force mcrosco ; re e condition
can be assess@d W th R GWO?%%%EE%{??E%%F?%@%%{% Jéqf?%ét%%?obge?w , LEED,
Kelvin probe, of£RS,of QbhGhceShd@ HeRmar@bit | eplical %ﬁamﬁ&%_@n%oﬂew ces.
Crystallinity can be assessed 25 by double crystal x-ray diffraction,
quadr upl e crystaperatark amd dbd f @gkined PLaRGEQRitiotA] Hd0le 13ieShBn 26040 01/ 68955
PCT/ US01107945 exam nation through cross-pol arizers. Electrical properties
are char act er i chabdt@izd b-Hahde dif§hdtioct Saddr bapgolatiarc eadily| deganatlstber m nat i ons.
Optical characteristics by room tenperature and | ow tenperature PL
det er ni nat i dnseichPgurdnigrdse AES FHR #enERse techniqypsa cSUbprResqdanyes g e
diffraction. Seed or boul e oIN&ri IS rﬁ\atd'hila.g determ nable by 5 etching
techni ques, AESYIB¥SECARE? KVEEReh idfi f ace damage can be assayed
by etching and/or MOCVD overgrowth techni ques. During the growth process,
the growth vessel should minimze nmxing time of Goup IIl precursors with
G oup V precursengs mihdvin plobdst, 1Rzl HOMDGHRBRY Midginé & Gadup 10 t he
i ndi vidual precursors and dopants. A concentric inlet flow design for the
inlet of the Igrpsashdeore vakiGesup Anghécarsors S@ilodtill praviding thomgges@edmiguyesifal may be
enployed to facilitate gas mxing. The growth vessel is desirably
(constr uct ed0 arthe individp) ercurepreind dprants. Asprosptdhiniehflov flesigh for dhsunletef nat er i al s
so that the length of the boule is not Iimted by supply of reactants.’
Simlarly, apptopPYAckmbrsigsr o gif o ﬁﬂf‘gﬁé%] Msﬁld“%'fbeﬁwglgﬁ%g’ heilie

gas mixing. The growth vessel is desirably constructed and arranged to enable

replenishment of the source materials so that the length of the boule is not limited by

supply of reactants. Similarly, appropriate disposition and handling of process

15  byproducts with high thro_ughput filtration is desired so fhat the process is not stopped

or undesirably altered by overpressuring the growth vessel.

The hydride vapor phase epitaxy (HVPE) technique affords a highly effective method
of growing III-V nitride boules on native seed crystals since it provides a high growth
(‘_; 20 rate, uses low-cost, réplenishahle precursors and is a proven manufacturing technique

for arsenide and phosphide semiconductors.

In the HVPE process, using GaN as an example, HC is passed over a source of high

purity gallium (Ga}, volatile GaCl is formed and transported to the deposition zone
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15 byproducts with high throughput filtration is desired so that the
process is not stopped or undesirably altered by overpressuri n@&l‘&&;@ﬁ%h
vessel . The hydri de vapor phase epitaxy (HVPE) technique affords a highly
effective nethod of growing 111-V nitride. boules on native seed crystals
since it proyeesssa high growth 20 rate, uses | ow cosfgrafstitbagi shabl e
precursors and is a proven manufacturing technique for arsenide and
phosphi de sem conductors. In the HVPE process, using GaN as an exanple, HC
i s passed over where gutersts with prmenin(¥Hst yo §am 1Galim Theeeptirepsteassi eludBeC) | s
formed and transported to the deposition zone 21 13 SEP 2004 WD 01/ 68955
PCT/ USOl / 07945 oo qftthe Sah despmpesition b hea NEiasy Galy PerafiPtedieY Bhe entire
process, includj ng fogmat.i(gn of .the l%alCIt deconposition of the NH3 and GaN
formation, nmay BETLEHNNEEGEILELPHFTEH'%Sut in a hot-wall ed reactor. 5
Large growh rates are desirable for econom cal deposition of |ong boul es.
By HYPE, it is desirable to maxim ze the surface area of the gallium

netal, as the sypPl¥wBiadsht dedAbIk ol Bcabhiod igBsifidlof RhpBsulsY BYRVPE| sources
for VPE) and its formation limts the growh rate in the process. Gowth

rates | arger thandeSirable trmatimizeey stréace apd dyiiecgalliviimetdh, ak shecapply dfelicabl y | ar ger
t han those achi eved by MOVPE, MBE or high pressure 10 sol ution growth of
GaN. Such a | asajjmyeidwidn (praatieer Gsoun|IH goyress ifori YRE) epd iy farmation flitg jthent
deconposition of NH3 in the reactor hot zon§ ang tg&r/f avgr abl e reaction
between NH3  SRYhagien Be Progwss gFWr i iper Gtut-E ™ uPe gepeets of the

arouth process. iy 2506y 590 ol kel 4R8N FXRPENGLIS e tread DOUI €

quality and nnVﬁﬁoFogy. ance ween e sburce sinlets and the

( tg r ovvib tng_ SUNhacLLiBRBGla JrTRNC s Slargd Yt Mteaddsd BMIREd BFinkShelntas 1 equi red
o obtain '
decomposition of NH, in the reactor hot zene and the favorable reaction between NI,

and GaCl at the growth femperature.

Several aspects of th_c growth process may also be controlled to achieve the desired
15  boule quality and mor];hology. The ‘di.staril'cg:e bétwee_n ;he source gas inlets and the
growing surface irr;pact;s tl;.e crysta‘lr:q.x';ality and may 'be.;adjusted as required to obtain
the desired result. It 1s de;irablc to maintain this distance between the inlets and the
growth su.rface constant throughout the growth process, to ensure uniform gas mixing,

while minimizing pre-reactions and maintaining constant temperature.

Thus, for example, the boule may be fixtured and during the prowth process the boule
may be retracted by a suitable carriage, motion stage, fixture gearing arrangement or
other suitable structure, to maintain the aforementioned distance between the growth

surface and the precursor vapor source at a constant or otherwise appropriate value

22



the desired result. It is desirable to maintain this di stance between the

inlets and the growth surface constant throughout the growt h!j%[T%cE%si to
ensure uniformgas mxing, while mninmzing pre-reactions an it D04 ng

constant tenperature. 20 Thus, for exanple, the boule may be fixtured and

during the grawgh.process the boule may be retracted, Qyqoiyl t able
carriage, notion stage, fixture gearing arrangenent or ot her sui tabl e

structure, to naintain the aforenentioned di stance between the growh
surface and t hiarigy t8e prowdy of ipwplesto Uisctkermtlize' tho powimrocess, iot, makwibse
appropriate value 22 13 SEP 2004 WO 01/ 68955 PCT/ U501/ 07945 during the
growt h of the ghodh @rocess asjigndicimenl pa|posidie, ppk hgrebyweehiqye démbsqvality a8d  nake t he
growt h process as i sothernmal, as possi bl e, and thereby achieve high quality
and isotropi dSOEPiﬁ"r‘ﬁ’é‘i?“étF’?sg‘fsi"&g‘cF‘ﬁd'{"h “%F%WLPQ‘T"S BYGIMEHRT waf ers nmade
therefrom 5 The tenperature profile may alternatively be varied during the
grow h process to conpensate for the increasing bulk of the boule and the

resul tant axi gh. t&HRMKAL Hofle .gﬁﬁrf {It@rﬁﬁﬁgl%aclesvariﬁdwriﬁé ARakbWih f@stenperature

may be varied as to its gener eve 0o maxi m ze product 10 quality. For
i nstance, the chfentate, fon)rR ifickdasing AN 6f @t byuidadaharebuing nxiblaekgauad carri er
concentration when grown at hi gher tenperatures. However, cracking

resul ting froniffereggdldual strain between a non-native seed and grow ng
crystal is mnimzed by the use of |ower seed tenperatures. Higher
tenperatures, however, enhance lateral growmh and nmay be enployed to

expand the bo:ﬁ'd&iﬂg ! ﬁgttk?éléﬁ%o%};eag?eu%% S’var%% gsy\{to%s %cmélgralq?evlefjg i:r;[ani{it%zgd f; @ 15 | over

EI’O C{
1 enperat ure, €l ng supsequen I ncrease 0o grow

(hi gher  pugy t YudiR Yok Abtartk GheQXDRDENEFi¥S HeraBY Bl a ol HaBG tutEkalfer SUCH i gher
tenperature 1s not a
concentration when grown at higher temperatures. However, cracking resulting from
residual strain between a non-native seed and growing crystal is minimized by the use
of lower seed temperatures. Higher temperatures, however, enhance lateral growth and
may be employed to expand the boule crystal area. Thus, growth may be initiated at a
15 lower temperature, with the temperature being subsequently increased to grow higher
purity material and expahd crystal area, if cracking at such higher temperature is not a

problem. In general, the temperature can be modiﬁéd throughout the boule growth

process to impact the properties of the growing film.

(‘-"’\ 20 The cleanliness of the reactor and growth rcproducibiiitj in the growth process is vital
to the boule growth process and is desirably maintained by periodic in situ etching
(etch-cleaning) of the reactor components. Such a cleaning step can be accomplished
by flowing HCI or other. cleaning reagent iﬁ .the.rcéctor at or near the growth
temperature. Alternatively, or in addifion to the periédic ctching, a small amount of

25  HCI or other cleaning feagr:nt may be utilized during the growth cycle to minimize
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problem 1In general, the tenperature can be nodified throughout the boule

gromh process to inpact the properties of the grow ng filrri Zg&}l}h? }
cl eanliness of the reactor and growth reproducibility in the ar h %Drocess

is vital to the boule growmh process and is desirably naintai ned by
periodic inggihi.£tching (etch-cleaning) of the read®ussgmponents. Such a
cl eaning step can be acconplished by flowi ng HClL or other cleaning reagent
in the reactor at or near the growh tenperature. Aternatively, or in
addi tion to tHeilpgrol sdicandtdepvsitygn the reserer compgrenint The Flegtngiagentsgpay 8¢ her

cl eaning reagent may be utilized during the growh cycle to mnjmze 23 1 3
SEP 2004 WD 0Miregais hrreeisp¥ally Ao A AH PUERGT "evR H‘H“sdeg%%i‘ts on the

t ts. Th | i g t
Wl s 1 o' T Aot PRt PO R A A Rt Ao e e itk SEE Ry dylfn | CaCt O
procedures al sg ?a!hg }{si aC Hﬁclr-ﬁpgrﬁfﬁh?&gct&rl?ﬁcry%%%sédiatl@;ebmd% irrtphﬁe growt h

ni
system apparaaf)%as. As "a turt approach, reactor liners can be used and

repl aced t 0s i ITRLRYQecanbnesLABLOI LI 18aRIi ness and/ or usable |ifetime.
CONDUCTI VI TY CONTROL Conductivity of the (Al,Ga, In)N naterial can be

controlled by adding n-type, p-type and/or deep level inpurities into the
gas phase in the growh process. Addition of n- 10 type inpurities such as

silicon or gerQONDRUETIVEIYGCONTROIng silane or germane in the growth process
gas stream can be used to control the n-type conductivity of the
material . Cor re@efsHENRiIKE, (At"ﬁ’%}"ﬁ‘gﬂﬁ?’i‘ ﬁa"atﬁa"r‘)’ﬁtﬁ"?lie‘sg’f ?‘%‘f?ggf&'[pﬁ’- B9Be i npurities
such as berylliu nesi u ol I; | NiAGqifRén taber sources
of these el er‘r@ﬁ‘%jcs"rgeajrerﬁ ?e\llleIPpe H%Sgﬁt? ﬁgggsrpg%géﬂgﬂéggkgjtﬁgeogﬁ] Ac%llﬁ nbcg used to
(_COI‘lt rol theg p't%ﬁégﬁgﬁﬂﬁg%hia‘disﬁi}{on@r ghimahiB|, HQULshgnERbRY drerniielinvdé er s

e

produced from oul e. Donor and acceptor
growth process gas stream, can be used to control the n-type conductivity of the
material. Correspondingly, the addition and activation of p-type _impurities such as
beryllium, magnesium or zinc, using metalorganic or other sources of these elements
delivered to the process gas stream, can be used to control the p-type conductivity of
15 the boule material and w"afers produccd fréﬁ the‘ boule. Donor and acceptor

concentrations ra:iging from 1E15 to 1E20 cm® are preferred, and concentrations

ranging from 5E17 to '1]319 ém" are more preferred, in the practicc of this method.

The fabrication of p—t}p‘e (Ai, Ga, In)N boule material and wafers will favorably impact
( 20 bipolar devices (e.g., light emitting devices, such as LEDs and laser diodes).
Performance of and currents through such devices is }imited in la;ge part by high
resistance electrical contact to the p-layer of the dcvice.. The use of p-type substrates
enables the formation of significantly larger (10x) p-electrodes and a corresponding
reduction in p-contact resistance. Operating tcmpérature and functionality of

25  (ALGa,In)N laser diodes on p-(Al,Ga,In)N wafers with larger p-contact area is usefully
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concentrations ranging from 1E15 to 1E20 cm -3 are preferred, h3d SEP 2004
concentrations ranging from5EL7 to |IE19 cnBB are nore preferred, in the
practice of this method. The fabrication of p-type (Al, Ga, In)N boule
material and wafers will favorably inpact 20 bipolar devices (e.g., light
em tting deypehamsssuch as LEDs and | aser diodes). PerdQrafpsg of and
currents through such devices is limted in large part by hig resi st ance
el ectrical contact to the p-layer of the device. The use of p-type
substrates erraploged tohgseatly rimprpycothe afhieyitdmpdvier anipytyand dncrpase the u@hly

p-el ectrodes and a correspondi ng reduction in p-contact resistance.

Oper ating t enpd§tiaegf hessdeitetinct i onal ity of 25 (A, Ga,in)N laser diodes on
p- (Al,G,In)N wafers with l'arger p-contact area is usefully 24 1 3 SEP 2004
WO 01/ 68955 PCT/ US01/ 07945 enpl oyed to greatly inprove the achi evabl e power

out put and i NGLEARGILAE AR ﬁlayibﬁq,&{vme of b fssag_bgi%;/t!,b@iaﬁngb§%maci:nsul ating

character nmay be provided 1 n the boule by establishing a balance 5 between

resi dual shal |peeacesfiaDimsldwOdccdd RROESdonaE)ant iR ihBitiBR UepAdveldRass | evel
donors (or acceptors). For instances where simlar concentrations of n-type

and p-type i rnpusccdpioss). alfoe iptapee niherei dimitan \colrentnies S8 artypd andi mtypoduce a
smal | anmount of shallow acceptors (donors) to fix the conductivity type
whi ch i s bei ndgmeuifipfes afeesdt ftopaylie nepresarydie digropdueg @) smalh spunt atehellavor ) . The

achi evenent of sem -jnsulating substrates requires 10 |l o ckground
U]ty ConearPRaD (ASTODMALR g1 ST BEUP VYO RSk EPREISH Pt e boul e
material may he. M| Mg 8cd¥oNS rhGaciiby i1 : Skials or
tiners (e.g. ?Q’KWL{%@a? rg é(‘)f%tn'?;olrl;ﬁtcsE egg‘gq)agéﬁlo%%ﬁ%ngﬁsﬁ%ﬁétfﬁ& z{)éur ce
(r-mt erials foNHZ Sacﬁgr&ﬂiﬂ\/l\ﬂpurﬁ)oWnﬁﬁuﬁfon.omg@ﬁuﬁdrrﬂgjﬁﬁﬂ'%anerﬁaﬂ&ﬁina&hgr amatic

background inpurity reduction is observed wt i stance fromthe seed
i nterface, | ohguldoskgal grpht hifinivarty dsiag BgraliQdree reactor materials or liners

{(e.g., AIN coated components) and use of high purity source materials (NH, is a known

source of oxygen impurity), Since a dramatic background impurity reduction is

observed with distance from the seed interface, long boule growth favors background

15  impurity reduction.

Deep level impurities are usefully incorporated into the II-V nitride boule material
during substrate gtowth to compensate for residual clcctﬁcal]y active impurities. The
concentration of deep. acceptor and/or donor levels is desirably precisely controlled to
(’"’ 20 fully compensate the residual or low concentration intentional shallow impurities in the
material. This conipéns:éutién produces high resisiivity_material with a Fermi level that
resides near the center of the band gap. The levels must also be deep in the bandgap so
as to prevent subsequc;nt thermal ionization of the carriers, particularly for high
temperature/high powerkdevices. Many transition metals, including Fe, Cr and V may

25  be useful species for deep level dopants in GaN and other III-V nitride materials,
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15 inpurity reduction. Deep level inpurities are usefully incorporated into
the 111-V nitride boule material during substrate growth to ¢o ate for
residual electrically active inpurities. The concentration a iﬁgﬁﬁ 2004

acceptor and/or donor levels is desirably precisely controlled to 20 fully
conpensat e ¥Reessi dual or | ow concentration intenti @aaVSHpradsl ow i npurities
in the material. This conpensation produces high resistivity material with
a Ferm |evel a{gﬂ%& dedp e‘?'écgﬁlgcngﬁérin EhQ%a -Q} e(ﬁthé?fde%)hgvep ng fes E.Elﬁe' evel s

nmust al so be epi gap so to prevent su seq ent therm

i oni zation of mtaygelg@fmwe@rrp%yegggh;dlegglw by, Ni@ka &i. gh  tenperature/ hi gh power
devi ces. Many transition netals, |nclud|ng Fe, C and V may 25 be useful

species for deep level dopants in GaN and other I11-V nitride materials, 25
1 3 SEP 2004 WD 01/68955 PCT/USQ /07945 creating deep electronic states in
t he bandgap. @ #iditionewpdictxie| of degpbmuie myyeks ewngefhafternthy stowthubaefbadnl y enpl oyed
include As, Mh, Co, NI and Cu. In addition, conductivity of the boul e may
be changedSafF@Wkﬁﬁe growt h has been 5 conpleted One such techni que for
altering the conductivity of the boule involves nuclear transnutation

dopi ng, by which inproved dopant uniformty and/or increased electrically

acti ve dopant ofoRGRMLALON {RhDfe RAENRE or thd PO dlachargd bel ow 10

in reference to nderstood that the techni que may be

corr espondi NQrgasmiidhi SspirgD bOt WEAEL GhsrtNad | ddpany ditb@dity ahrR/oM thdidabedt he scope of
t he present invention. Nuclear transnutation doping of the GaN material is
acconpl i shed #sctricalhyewstiiat dopgt pdncentatiohs mdyeherelievad ub tongh, disGapadibeies neut r ons
(treate radi oactive isotopes of the Ga and N 15 atons in the crystal, whi ch
upon decay? airdacfergirgde Ealdh it willds yaderstopdribat the fegwigpgmpshlee qagpgpondingly

applied to other Group III-V materials within the scope of the present invention.

Nuclear transmutation doping of the GaN material is accomplished by irradiating it
with thermal neutrons Captured neutrons create radloactwe isotopes of the Ga and N
15  atoms in the crystal, whlch Upon decay, are converted to dopant impurities in the GaN

crystal. In the silicon -industly, nuclear transmutation doping has been utilized to

achieve phosphorus doping of silicon with exceedingly uniform dopant distribution, but

such technique has not previously been applied to nitride compound semiconductor. .

materials such as GaN and related alloys. In application to Grouwp III-V nitride
U 20  materials, there are several anticipated advantages of nuclear transmutation doping, _

including:

{1) the ability to achieve electrically active doping concentrations in excess of what
can be achieved by dopant incorporation during growth, since doping concentrations

25  arenot limited by solid solubility of the impurity in the material;
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crystal. In the silicon industry, nuclear transnutation doping has been
utilized to achieve phosphorus doping of silicon with exced rﬁﬁﬁ/ 2684 f orm
dopant distribution, but such technique has not previously been applied to
nitride conpound sem conductor. materials such as GaN and rel ated all oys.

I n applicatyw@gdsesGoup II11-V nitride 20 materials, tdeisnafoes several

anti ci pated advantages of nuclear transnutation doping, i1ncluding: (1) the
ability to achieve electrically active doping concentrations in excess of
what can be deHheweal Byleydpamutationdors isaeasaly ders sAericgh 6 l0 Rsice dopi ng
concentrations 25 are not limted by solid solubility of the inmpurity in
the material ; ™%° fffglegE&aﬁcfﬁﬁvewglé?éjg@‘% aﬁ&ffﬁﬁ%@j/ﬂ@?éﬁé (”21)? e use of

nucl ear trans [ ' [; . ffici -10 tines
nore effici en{E%g ﬁ%&%@g%%@&enﬁ% dé‘%éﬁpéuh’%lc%%}“ﬁg,ﬁ&%{ﬁé’r %%ﬁaé%%%[g" ocrated with
other, conf oyngdiAtn L&Me! kRNSudPlidpas: of alloy sem conductors in
conventional doping are mnimal in nuclear transmutation doping; 5 (3) in
Ge dopi ng ly mnsicinedd ddping by Budlat irmemioiph dehing the Gedogapain tresitk lohly besSi de onl y
on the Ga site and the Ge dopant is unlikely to bind with other species
present in t heaheg3essite gad thafy dofaetrieijikiinorbidsfithpthdoywrarg pechdnl initkagzy (with a

single activation energy) and obviating the need for activation through
techni ques sucteeds tgrFReatcrsiyne foprstiiappnth wFinsle paivaiioa rrieit®d8d hi ghl y

uniformy and the. entire boule. be. doped 0 simultaneously; (5) nuclear
transmut ati on °d0pI"A eé’?e%(f%rlﬁ“bv?té% "W ﬁe"lfng%'fsosﬁ?jhcaé "ngylﬁ%lre 31Ga to increase

the neutron captsl qu%tvaiﬁb@&l&b{buté&%&hﬁ&n%}ﬁlﬂaﬁ& Adbakd &Blc%?ibé‘gop% ocess |ess
(epst ly with potentially increased thernmal "conductivity; and

10  simultaneously;
(5) nuclear transmutation doping of GaN grown with isotopically pure ]/Ga to increase
the neutron capture efficiency, making the irradiation doping process less costly with
potentially increased thermal conductivity; and
(6) nuclear transmutation doping may be used to dope the boule, as well as individual

15  wafers (produced by any method) and epitaxial films.

As an example of the utility of transmutation doping, considering the effect of thermal

neutrons on Ga. The following reactions occur:

ZRED , Ge N.A.=60.1%, 1.68 barns, 1=21 min

20 ®Ga—" >1Ga

70 EC{02%) .10
33 Ga——="2 4 Zn

NGa—2BGa-E—]2Ge N.A.=39.9%, 4.7 barns, ==14.! hrs
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(6) nuclear transnutation doping may be used to dope the boule, as well as
i ndividual 15 wafers (produced by any nethod) and epitaxial filns. As an
exanple of the utility of transmutation doping, consideri ng‘!t{ﬂleSHl’fmq\ of
thermal neutrons on Ga. The follow ng reactions occur: 20 89 rt 70

fl1-(99' a¥% wBor@%k6R- >31GA 32Ge  N. A=60.1% 1.68 bar ngcrisidirnms n 70Ga
E.c.(oa% zn 31 SOs (&A">31Ga- 32CGe RA =39.9% 4.7 barns, x14.1 hrs 27 13

SEP 2004 WO 01/ 68955 PCT/ USQ1/ 07345 Fromt gse reaﬁti ons it ig seen t hat
exposure of GNP BeSeHeACHIns TABIen B3 SAORYC o BN R emBhEF Eens MR PSP opes of Ge

with high effig SRk iolde B wili i Blochlle HAThAMcSe LRQhORR ispduced | s

8] .
reasonabl y shor't ! e resitde on ecause the dopant is

not produced djigd,09 i GERWMaBly sidRC B biSwi résRil BE 6l Gh bitee IBHoR Gt dBak: £ he dopant
will be 5 conpensated by H, for exanple, thereby elimnating the need for

an addi tional noppl@Rbd BEGing te@fvth, erd en Rtlted likaibshd thdiaheeddpat twildfoe t her mal
neutrons on N may not be significant. 14N is 99.63%of the naturally
abundant N.5 Thempapsutadelyt Hoorcexpinpie.ethartysdingmong the, neeh dorhingdditionahat ur al
abundance of 14N, and the stability of 15N, m nim ze the |ikelihood of any
signi ficant cHavg@ssikPel ectrical properties with neutron transmutation.

On the other hand, the effect of thermal neutrons on N may not be significant. "N is
99.63% of the naturally abundant N. The Iow-ﬁeutron capture cross section, the high
(, . 10 natural abundance of “N, and the stability of N, minimize the likelihood of any

significant change in electrical properties with neutron transmutation.

The production of a Ge-ln—type impurity on a Ga site in this manner achieves a highly
uniform doping and avoids detrimental effects of high concentrations of impurities in
15  the reactor during gro-w.th.' Embritiement that may otht;rwise arise from high doping
concenirations in the use of other doping techniques will also be reduced in nuclear

transmutation doping.

Neutron irradiated GaN will yield the following isoto;;es: YN, 1%Ga, and 5}Ga. These
‘ (’ 20  isotopes will decay in tumn to isotopes with half lives of 2.31 min, 21 min and 14.1
hours, The capture cross-section for nitrogen by the neutrons is nearly an order of
magnitude less than that fo.r Ga, but nevertheless; an oxygen dopant can be produced in

addition to Ge.
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The production of a Ge n-type inpurity on a Ga site in this manner achi eves
a highly uniformdoping and avoids detrinental effects of High
concentrations of inpurities in 15 the reactor during growH. E\Srg?imﬁl’fement
that may ot herwi se arise from high doping concentrations in the use of

ot her dopi iques wll also be reduced in nucl mut at i on

dopi ng. Nelr}tg(r)rgﬁg%ggradi ated GaN will yield the foll owg%m?og@?%;es: "IN,

3,&, and 3tGa. These 20 isotopes will decay in turn to isotopes with half
| i ves of 2.31The mdic2divity produved followink gusdiation hiethe dptlusuEiceniospredet i on f or
nitrogen by the neutrons is nearly an order of magnitude |ess than that
for Ga, but né¥¥rtFrefteasin uepbiprgapetd b &Rt & dntiale hghdalft &dmieh buhddition to

Ge. 28. 13 SEP 2004 0 955. PCT/.USQ1/ 07945, Th di tivi d d
o | o e T R Pt e bR el b e 6 S SRR e LY B oo oo

in a cubic ceﬁ;ajs_rret er of GaNis initially high (105 Currie), but because
of the short I'f lives the activity will be reduced to a few m crocuries
after 10 days. 5, The nuclear transnutation doping techni que may al so be
applied to other materials where cracking .is prone to occur or high doping
| evel s are ot iy micker whnfruitatioh dofing technique ey aisubdapaliedsto lotheomaedidi de. 10
Alternatively, diffusion of n-type, p-type or deep level inpurities at

el evat ed tenpehet graggngrisyprefeso oprar 95 éi&htdgpiak bevelsy are pEhsiwisegdiiewtiteet i vi ty

| evel s. WAFER FABRI CATI ON Boul es grown-in accordance with the present

i nvention may 23V SERF Pt SHIY-

— 10 Altermnatively, diffusion of n-type, p-type or deep level impurities at elevated

temperatures may also be used to achieve desired conductivity levels.

WAFER FABRICATION

Boules grown in acc_o_rdance with the present invention may have any suitable
15  dimensional character appropﬁate to the end use of the product wafers derived from the
boule. For example, the boule may have a cross-sectional (lateral) area of 5-10 square
centimeters or highér. a;1d“may be 4-5 millimetérs iohg or even longer.l The boule
should have sufficient length to enable slicing or other paﬁiﬂon of the material into

individual wafers (e.g., of 0.1 to 0.7 millimeters thickness).

Once the boule has been grown, the boule may be oriented using conventional Laue or
0-20 x-ray diffraction processes. The boule may be sliced (wafered) using any suitable
slicing tool, such as for example an ID or OD saw, and most preferably a wire saw.

The wafers may be oriented along a principal crystallographic direction or may be
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15 di nmensi onal character appropriate to the end use of the product wafers
derived fromthe boule. For exanple, the boule may have a cross secti onal

(lateral) area of 5-10 square centineters or higher, and may
mllinmeters long or even longer. The boule should have suffi CI ent I e%%%h

to enabl e shigyi@ss0r other partition of the material p@dkordddgi vi dual
wafers (e.g., of 0.1 to 0.7 mllimeters thickness). 20 Once the boule has

been grown, the boul e may be oriented using conventional Laue or 0-20
x-ray diffract slishthpllesceas Psdesrrrrbmiserifnisd W% aglepred qurfogiafoesubyuesi ng any

preferabl y a %w@xé%%wmm R R LA
crystal | ogr abice ALy GLh0. g1 o ggazhdmlc%né@sm@Q%emngagssgaéﬁﬂ

PCT/ USOL/ 07945 s 655 1 m Sori ente rovi de a

st epped surfacsysfta@ uﬁlﬂb%ﬁ%ﬁ%ﬁac‘%ﬁh&ﬁ%b@ uBihMWohal AbpaROML R, AWkt Speci fic
crystal l ographic orientations may be preferred for subsequent epi t axi al

growt h i n censmeps@idion @hd dbyitr adiedtiof iptopérfese pledtdl ald/or @ptyal pbpesticgl i ty,

epi taxi al surface norphol ogy, unintentional dopant exclusion, dopant 5

i ncor porati on drdabditpaindreagatt ¢avéer inphilipr opethdridewice Gbuwtmi gaperfamdier opt i cal
properties, cleavabilit increased carrier nobility or other device
fabrication or2dyefees ﬁﬁﬁg@le BNPs SEeied ﬂattrﬁerl%&ﬁhémwywé aed Paged %nd f 1 att ed

prior to slicin e sizing

B T atti ng. e sBEBhoTR ot it eReud e b Faita G iR ol ) o
with' particl & rQ@HP@BQEﬁ%?%t?EaM H%ﬁibﬁ@men?br’lgx]aﬁonv‘éiﬁg‘?es@Wsﬁ”@uthQoreCor e 10

drilling, or laser cutting (wafer The wafers nmay be edge ground. After

(formation of vk, dallaaéilé&tmgt(h@fev)af ers are polished to a desired surface
quality for epitaxial gromh of GaN or other epitaxial

_The wafers may be éd“gc ground. After formation of wafer blanks, the wafers are
polished to a de;sired surface quality for epitaxial growth of GaN or other epitaxial ‘

growth material. Wafer polishing is accomplished with progrcsswaly diminishing sizes

15  of abrasives. For example, the wafer is first lapped wnth a coarse abrasive (e.g., 10-30

microns diamgter of abrasive particles), followed by Iapping with a medium abrasive

(e.g., 3-10 microns particle diameter). The wafer is tllllenApo!ished with a fing abrasive

(e.g., 0.1-3 micrens particle diameter). One or moré lapping and/or polishing steps

may be used. Abrasives such as alumiﬁa silicon” carbide (SiC), boron carbide,

(\— 20 diamond and other matenals harder than the GaN (or other Group HI-V nitride

involved) may be used The wafer‘ may bs subjected 0 a chemical mechanical polish

{CMP) to remove surface damages caused by mechamcal pohshmg The CMP process

mnay be performed in a basw shiry (pH > 8) or in an acnd:c solution (pH < 6). An

oxidation agent may be added in the slurry to increase the CMP rate. Colloidal silica or

25 alumina may be used for GaN CMP. Alternatively, after mechanical polishing,
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growth nmaterial. Wafer polishing is acconplished with progressively

di m ni shing sizes 15 of abrasives. For exanple, the wafer is fiézé igai)aped
with a coarse abrasive (e.g., 10-30 mcrons dianeter of abr adi E {4
particles), followed by |apping with a nmedi um abrasive (e.g., 3-10 mcrons
particle di symises. The wafer is then polished wth apdieradsasive (e.g.,
0.1-3 mcrons particle dianeter). One or nore |apping and/ or polishing
steps may be used. Abrasives such as alumna, silicone carbide (SiC,
boron car bi de, *eZGvdPasith sledmedetet ctih PoPiRplectpdiediss! etch a1y Phwsed®N (or ot her
Goup IIl1-V nifride involved) may be used. The wafer nmay be subjected to a
chem cal rrechatﬁﬂlséif”ﬁ ?@Hem‘%vf:ﬂﬁgécet%mf%emve surface damages caused by
mechani cal polishing. The CVP process may be performed in a basic slurry
(pH > 8) or in an acidic solution (pH < 6). An oxidation agent may be added
in the slurry iR G.RCL LGSRy HRQiInENVRIde 3bBhedCol JoBitd@bn Bbth 58 @BubRSside! um na may
be used for GaN CWP. Alternatively, after mechanical polishing, 30 13 SEP
2005 WO 014 6525HeBCH ld6hiy0fd04 piveieabieljwat wso bf tt olafer. eTeckafanegitani cal et ch,
or photoel ectrochem cal etch may be used to finish the wafer and renove
surface danagenbjgid taeimisalfetchingraijhebprios foriiegl lapping diep protripsth éhd polish stpwl | shed on
both sides (double side 5 polished), as necessary for a given subsequent
use of the vvaf'@f’?“"’Fl‘ibm%é’f"é‘?a“ﬁﬁ@l’“!i’é‘atgEYBf'é?FPé%PII"ba"L‘}rIfEH?t@é%"' etching either
prior to the lapping step or prior to the polish step. The etchant may be
of any appropriate type, such as a hot acid or hot base. In general,

as- pol i shed Gaj Wad8r & JIR%eRUR. §Hg§%a§/%€e dRRES GANHSE . ShBe 10

éngchanl cal action of the polishing particles. The subsurface damage may

i ntroduce def apdcBanichl deftdy FuUkESEREHRIRE patiet. aXheadubsgifRdtdinae mahentcaep || |
nitride filnms. There are several ways to characterize the subsurface
damage. Exanpldefcts imcthe eldyseqpnt epitaxiyl growth of the Group I nitride films. There are

several ways to characterize the subsurface damage. Examples include epitaxial
growth to reveal the subsurface damagé; etching to reveal the subsurface defects, X-T8Y
topography to image the subsurface damage, transmission clectron microscopy (TEM)
15 and ultraviolet (U;}).‘ph‘olo'n backscattering speétroscztl)py to map the damage. X-ray
topogra;-)hy and UV photon backscattering spectroscopy are non-destructive and may
be used for defect cha_rapterization. In UV photon backscattering spectroscopy, defects
in the GaN wafers ha.vé different light scattering characféristics, and thus can be used
for characterization. E['Jita;(ial growth is the most d.irect method to characterize the
(, : 20  polish damage, but it :is destructive to tli.t: wafer-.l .Some etching methods, alse
destructive when used to decorate defects, such as cilemical etching, electrochemical
etching, photoelectrical chemical etching, reactive ion et;:hing (RIE}, high temperature

annealing, or annealing in a reactive atmosphere, may also reveal the polish damage,
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growh to reveal the subsurface danage, etching to reveal the subsurface
defects, x-ray topography to inmage the subsurface damage, tjghs$aRsipod

el ectron mcroscopy (TEM 15 and ultraviolet (UV) photon backscattering
spectroscopy to map the damage. X-ray topography and UV photon
backscatt er iwigngPect r oscopy are non-destructive and npyrushforsssed for def ect
characterization. In UV photon backscattering spectroscopy, defects 1in the
GaN wafers have different |jght scattering characteristics, and thus can be

used for char k% farepng mefhods BhHPiPmRRiPUrRliQg BAKDR CBloYHde APEPIgitieddi et hod to

characterize the 20 palish _damage t it 1s destructive.to,t waf er. Sone
et chi ng net hod%nj%l eéfe'étoajsa?es‘s”ffarcﬁg%?%g o, 56"’*‘5%@8 % 3‘% é:g%rlgfé’f 5’5‘11’%% g such as

cheni cal et chi pg..f) &%iﬁiﬂx%@%@rlfacg anofeTy og, byRShiOR LEE M AkmaNgH cal

etching, reactive 1on etching (RIE), hrgh téenperature annealing, or

anneal i ng i n ac'rapGh b CRbAEIWEPREERMisERY al so reveal the polish damage. 31 1
3 SEP 2004 WO 01/ 68955 PCT/ USQ /07945 The foregoi ng net hods of
characterization may be enployed to determ ne the nature and extent of
subsurface damage of the wafer, as an adjunct to use of nethods for

renovi ng or ni Wipmforiedgragtishdiip flesiew! te lmpag the walegwith amophsyrfasnfnidteth, Cvp,
thermal etch or R E (in -based or .a O -F chemstry). 5 In preferred
practice, it i%" S} arf’ﬁ“\%ﬁﬁ‘ﬁ?“fﬂ@%é‘fg?“ﬁﬁ“f °éer§’r’(@gt'?1mé°ﬂ1"?3§§e finish
R onool TRANSUAS Bl HODARRSchE e WABucBANGSL £ A, @ver @ 10 X

10 microneter2” area, as neasure an atomc force mcroscope. The wafer

desirably has @i s iQfeatef thhY Blnbee dridd@hg indy BhEAL@ProdR@Nat, biNBLHr , G i ndi ng
nray be used to produce flats, but may 10 be difficult to orient with high

preci si on. 1Thebeviifien: roeyietitanith highfpleakion IThewifedndyhawet flaevrientcth@rbetidd. 3 degr ees.

Such a precise flat may alternately be produced by cl eaving.
than + 0.3 degrees. Such a precise flat may alternately be produced by cleaving.

Desirably the wafer is of sufficient quality to act as the foundation of an LED device in
LED applications. In laser diode applications, the wafer is desirably of sufficient
15 quality to function as the foundation of a laser éiode device that lase-s at room
temperature, In HEMT applications, the wafer shoul-d be of sufficient quality to act as

the foundation of an HEMT device.

Concerning the utility of a wafer as a substrate article for fabrication of microelectronic
( 20  device structures, tile w;ifefs usefullness is dctermine& in part by its physical shape. In
particular, if the Wafer is bbwed, if the tlﬁcknes‘stof-ﬁ;e Qafer varies, or if the wafer is
warped, the ability to iitﬁbgraphically pattern fine féatures using optical lithography
may be inhibited or even destroyed. Additit;;:ally, the ability to achieve growth of high

quality epitaxial films on the wafer may be compromiseél since the fraction of wafer in

25 contact with the susceptor surface changes and consequently, the heating is
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Desirably the wafer is of sufficient quality to act as the foundation of an

LED device in LED applications. In | aser diode applications, tjﬂes )&I S

desirably of sufficient 15 quality to function as the foundatlon 0 a Ias er

di ode device that |ases at room tenperature. In HEMI applications, the

waf er shoul svoagesds sufficient quality to act as the pawseabison of an HEMI

device. Concerning the utility of a wafer as a substrate article for

fabrication of mcroelectron .device structure t he wa '

usef ul | ness i s™dRHEMR FRoETUA Ilc)gﬂ’tm‘gﬁutisirgesﬁﬂ?ﬁ %@T’ @ﬁ?f%m b H“E*E)s‘fdti cular, if

the wafer is bc%m% cia;ll v{aﬁg, tﬁe lﬁ)w1 E%ﬁut&mp{cﬁﬁhe tn}{:ﬁl; sn?a{)lejf the wafer
Ica I'n

i's warped, the"a it h ogr y pattern eatures usi ng

optical lit hO%@m%mwg& shdataldgllés@fﬂarprm BYER o@l@.mamwm mb€lghefei8pal 1y, the
ability to achieve growth of high quality epitaxial filnms on the wafer may

be conprom sedesiHagemi he fraction of wafer in 25 contact with the suscept or
surface changes and consequently, the heating is 32 1 3 SEP 2004 WO

01/ 68955 PCI/ UBO ot 78dGess omuntipd (TTH) shond & Gapthinl POAY ofiiteraveregeswafgt r at es such
as GaN substrates to be useful and comercially viable, the :follow ng
limtations orfhicknessaad wpre greferpblydesethan 8o ged rabI e: the bow of the wafer

am 5 the 1 or art Areriects G Rapies SRARWF Bl RP8 BR B os of the
m e tota a e % o e
average waf er s#ﬂh:gﬂfx $5e @sgqmmrﬁamms%@mglpm&@aesg BaniadoANd War p

(measured as t er ence between the high poir'nt and | ow point on a given
surface) should be Iess than 50 mcrons and nore preferably |ess than 10
(mcrons 10 Application of the foregoing criteria to the production of

waf er arti ¢ esafplienvn dfehdfokang aiferis lethd prodeinticned wefied drtickes Samehetboale t he waf er

is appropriate for subsec]uent m croel ectroni c
of the invention will ensure thai the wafer is appropriate for subsequent microelectronic

device fabrication on or in the wafer.

IFIC EMBODIMENT E 1N BOULEP
15 The method of the present mventlon permits crystallme (AL Ga,In)N boules to be
produced by high growth rate vapor phase epitaxy, havmg large cross-sectional area
(e.g., > 1 centimeter in diameter) with a length > I millimeter on {attice-matched seeds.
The growth rate may for example be above 20 micrometers per hour, at a temperature
of from about 900‘ to about 1200°C, with preferred temperature for GaN being in the

(/ 20 range of from about 900 to about 1100°C, and with preferred temperature for AIN

being in the range of from about 950 to about 1200°C.

In one specific illusirative embodiment, GaN boules were grown on GaNN seed crystals.

One such seed is shown in FIGURE 1. This seed was produced by growing 300 um of
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device fabrication on or in the wafer. SPECI FI C EMBODI MENT OF THE

(Al. G. | n)N BOULE PROCESS 15 The nethod of the present inventijo§ BEPnPAj
crystalline (Al,Ga, I n)N boules to be produced by high gromh rate vapor
phase epitaxy, having |arge cross-sectional area (e.g., > 1| centineter in
di aneter) wbbraessength > 1 nmillineter on |attice-natcheshiseads. The
gromh rate may for exanple be above 20 microneters per hour, at a

tenperature of_ from about 900 to. ab 200C, .wi t referr t enper at ure
for GaN ber ng Y e omcAge iy PR SO PPt %f%%t%ea&ly o and wih
referred te re for. [ [ : rqﬁt%t} 0
gbout 1200C. n}%ﬁ‘&g?% thsepsél%"lhfr? I(':)yilzﬁ%&??%ﬁf%@%ﬁ%ﬁ?ﬁgﬁﬁ h&a oéﬁﬂ Ié% were grown

on GaN seed CriMér}'a@é.s'ThgaﬁNSéé@wgseﬁﬁsﬂal%ntsmmmji&d Rl $dREcidxed KRddSfoseed Was
produced by grow ng 300 mof 33 1 3 SEP 2004 WO 01/68955 PCT/ US01/ 07945 GaN

by hydride vapgiseqbasen efiid@swth.( HVPE) on sapphire and subsequently lifting
the GaN off the sapphire by |aser-heating a thin region of GaN at the

GaN sapphirse interface. The GaN seed was transparent and provi ded a
strain-rel axed seed for subsequent GaN boul e growth. 5 Subsequent boul e
growt h can be Spisagyertypoule aroviyicri braerdidy argrepiished bV Bydgie BRAPE2E PRy ( HVPE)
in a reactor mof a type as, sho schenat i cal j | GURE 2. Referring
now to FI GJRE?%?IQESH%?‘@M?‘%S’éﬁg\ﬁgagp%%\é\goﬁﬁts&g%égrﬁégtﬁdgﬁ%n of a reactor 10
system 10 including a reactor vessel 12 defining an interior volune 14
therein. Wiile the FIGURE 2 systemis shown in the conformation and

orientation i Rktdsingabwth FIGURES, tdf-avkagn fa@theputid@fesntatfoniof buatoat i on, it
wi ||l be appreciated that the reactor in"sone

( : 10 system 10 including a reactor vessel 12 defining an interior volume 14 therein, While
the FIGURE 2 system is shown in the conformation and orientation iIlthrated in the

drawing for purposes of illustration, it will be appreciated that the reactor in some

embodiments of the invention is advantageously configured as a vertical reactor

system. Joined in gas supply relationship to the re#ctor vessel 12 are feed line 16 for

15 silane, feed line 18 for afrnnoni.a and feed line 20 for hydrogen chloride (HC1). Each of

these reagent feed lines 16, 18 and 20. are iioincd to suitable source vessels or other

supplies (not shown) fo'r the respective reagent gaseﬁ. The HC1 feed line 20

communicates with an i;ltcﬁor compartment 22 of the reactor vessel 12 bounding a

restricted volume 24 of the reactor interior volume. The restricted volume 24 contains

( 20 avessel 26 holding'mt.)ltén"g‘éllium 28.

The interior volume 14 of the reactor vessel 12 also contains a retractable susceptor 36
mounted on shaft 38 which in turn is joined to a motive driver (not shown) such as an
electric motor, a rack and pinien gear structure, a piston, motion stage assembly,

25  carriage, or other motive structure for selective translation of the shaft 38 in either of
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enbodi nents of the invention is advantageously configured as a verti cal
reactor system Joined in gas supply relationship to the reactor vessel 12
are feed line 16 for 15 silane, feed line 18 for amonia and f8dSEPng0E0
for hydrogen chloride (HC). Each of these reagent feed |lines 16, 18 and
20 are join itabl e source vessels or other su ' ot shown) for
t he respect ?‘\g)eotl}raggs;ent gases. The HCO feed line 20 cg%ﬁl?oé'g?es with an
interior conpartnent 22 of the reactor vessel 12 bounding a restricted

vol ume 24 of tthe ditetatsondicareti éyithy biwlidectivaal althe A.edniforaitedf Wel grosth24 cont ai ns
20 a vessel 26 holding nolten gallium28. The interior volune 14 of the
react or vesseltemeragire gndoishetant 1ecies iy alsy prayed B apyeferegdtembodigent abikat ed on

shaft 38 which in turn is jojned to a notive driver (not shown) such as an
el ectric not or",‘""&“‘?"é’éli“ﬁﬁa°'§If‘erf$‘i‘ﬁ138d’€%\?g%‘?"fq}ctur e, a piston, notion stage
assenbly, 25 carriage, or other notive structure for selective translation
of the shaft 38 in either of 34 1 3 SEP 2004 WO 01/68955 PCT/ US01/ 07945 t he

di rections 4 ndiycafash shBvn NBGORE dinfaf 6L nOMALd Bl BWarhngdaithf R6H. terof t he
grow h tenperature and reactant species is also inproved in a preferred
enbodi ment of dkdBple, itR\6gstdm 04y ibdfude plodikib® for oFtal iggacehiat tia 3 Burhed vesgeigrowmt h. a 5
The system shown in FIGURE 2 nay be nodified fromthe arrangenent shown.
For exanpl e, thdhes dyaitdetn fley thenoktalde paud ifginote thergrawsh ghamberp| dbenent via a
punped vessel that is heated to flowthe netal in. liquid formto the
growt h chanberconfmptionfiieoysen i2d hisyised phoves ey Bnyertical, gdske N¥@Mabove, may be

vertical, and the system may .variausly. jinclude. neans for, i,ntroduci ng HC
for cleaning Of ¥’ ﬁugwa'}éﬁ%{rfﬁtéo(ra?m"agf@ggf fL:Jlle*f‘}'é“r“giD‘%1 Fevdh 8Wﬁert11|anber,

(and/ or a fig t qpbhyRbER%ALLARISHRRY fioloubtiR BlheQfentlol &AL emate

reactants.

On the end of the shaft is mounted a susceptor 36, which may be suitably heated, e.g.,

by the surrounding fumace, and/or by an embeddé_d electrical resistance heating

15  element, incident infraréd radiation, incident microwave radiation, or in other manner

(heater not shown). It _jwill be appreciated that more tl:lan the susceptor is typically

heated, ¢.g., with a hot ;vall reactor in which the entire gro;vth zone and the Ga metal

zone are enclosed in a resistance-heated furnace. On the susceptor is mounted a seed

crystal 34 on which is grown the boule 32. The bm.l.le is grown from the precursor

L“; 20 vﬁpor which is mixed from the feed lines 16 (sila.ne), l-8 (ammonia) and the interior
compartment 22 (gallium 6h]01'idc, produced by reaction in the compartment of gallinm

with HC1), in the vapor space 30 of the interior volume 14 of the reactor vessel 12.

In the vapor space, the respective precursors combine and gallium nitride (GaN) is

25  formed on the growth surface of the seed crystal at the inception of operation, followed
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reactants. On the end of the shaft is nounted a susceptor 36, which may be
suitably heated, e.g., by the surrounding furnace, and/or gy yegded
el ectrical resistance heating 15 el enent, incident infrar edar%ad'i?%]teirmq

i nci dent m crowave radiation, or in other manner (heater not shown). It

wi Il be appr&siRisd that nore, than the susceptor is heat ed,
e.g., wth ﬁét 9vvall reactor in which the entire gro%\%ﬂbzonggand the Ga

metal zone are enclosed in a resistance-heated furnace. On the susceptor
is mounted a skerfopagitips phihe Jepogitionvdnevah in the gpriad dimectipreofbioudleng 8@ readfre boul e i s
grown fromthe precursor 20 vapor which is mxed fromthe feed |lines 16
(silane), 18 (‘éFﬁsﬁbni a) and the interior conpartnment 22 (galliumchloride,
produced by reaction in the conpartment of gallium with HC), in the vapor
space 30 of the interior volume 14 of the reactor vessel 12. In the vapor

space, the respagtiys Rl RSN 00 ﬁfarmwg a@&cfaéx% ds‘[%R ﬂ,uas)meqrgnsga%%'\') Is 25

formed on the growh surtface o e seed crysta e i nception of

operation, £olenaemsal kindaRRl WA R Qkt HRE RBenfBlyThddDEE [Af@4esslY

propagation of the deposition growh in the axial direction of the elongate
reactor vessel2, Ths cinkigudncadfaucBnagemansis td hevesiiratdwtiandhasseciras ad -
retractabl e susceptor may be translated 5 for increnental w thdrawal of
the shaft and wigteffbokcddselfsing 1§ andrthe dyletobinteriercompasient 222and Fivk
consequence of such novenent js to noyve the growmh surface away fromthe

out lets of thePERT TS Aeieiaid dysnzathy sfopdh B'iﬂqu%P BrintiRthe figEicE onpar t ment

d h
(ua. i nian tne APBYETELboRN RS, SRS VLR of RERILU RLOSRE0 10,

tlets of ¢ he E)rc@rféiﬁﬁtsﬁfuef s%ecdatms&agegmﬁs@faceas qefeggz Abthenti@lHfas $0 that the
boul e growth surface is t her eby isothermalized as it
grows and the mixing time of the source materials is maintained constant as the boule
grows. Additionally, or altcrnativeiy, the temperature in the reactor vessel may be
modulated to achieve a desired character of the boule article produced in the reactor
vessel.
15 |
The HVPE boule growth process exploits an inherent defect annihilation mechanism
that is maximized by HVPE growth under proper growth conditions, involving a steady
decrease in defect dénsity wnh HVPE material tl‘lirckn'ess A(‘more fully disclosed in U.S.
_ Patent Apphcatmn No. 09/179 049 ﬁled October 26, 1998 in the names of Robert P.
(/E 20 Vaudo, et al. ). For cxample usmg GaN as an 1l!ustratmn, the dislocations in the IVPE

GaN material continue tp be tilted with respect to the growth direction and each other
as the films grow. Dislocation density levels of less than 5 x 106 cm-2 have been
reproducnbly achleved on 200 to 300 pum thick GaN layers on sapphire, and such defect

levels are readily achievable in the practice of the present invention, as well as lower
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grows and the mxing tine of the source materials is maintained constant as
the boule grows. Additionally, or alternatively, the tenperature in the
react or vessel nmay be nodulated to achieve a desired char act & S6F 0664

boul e article produced in the reactor vessel. 15 The HVPE boul e growth

process expigi n i nherent defect annihilation nec | at is
maxi m zed by IE{{//%E@growth under proper growth conditi gﬁg‘}’uﬁﬁ)ﬁ-(%{vi ng a steady

decrease in defect density with HVPE material thickness (nore fully

di scl osed in kit dRatient.g.Apglthea a0 @n2. NBeca® ihd aR10EMiOns akd sad Lkt poer 26, 1998
in the nanes of Robert P. 20 Vaudo, et al.). For exanple, using GaN as an
i | lustration, hurdeeds] o mérees iof geovwithy distveatielVREnikHatbnelt @teil alislccaiobd wile t 0 be
tilted with respect to the growth direction and each other as the filns
grow. Di sl ocafqmipred@rpsghoyt hebenls apft grenss PP, the BOBOCIN Psttimvke been

r epr oduci bl chi eved qn 200 . 300 mthick GaN | ayers on sapphire, and
sutF:) h def ect Y igogfen aﬂng’ﬂ?‘@ad’f'@ 3‘61358 f"é\t}’étf:h@a“iteﬁ of s %F%‘BT% tiglogs ‘P“F'he present
i nvention, cas L ste - o A (889 e w/. Sg/07945
def ect dengi t?‘}gg,tleég?l, &Y%siégtgﬁé)ngi‘gﬁﬁcgr#gé ugge)?:naggsl)gglpgg %&E‘fcg(%ti ons are

still tilted ghb@kd fAAHEURE the BbuldThrosd\$ e Ofsing 2QMicel inShOCE e QRe2NNI i | at i on
of tilted dislocations will continue throughout the boule as it grows. O

course, the adefdct deysityoedstiioh bisedultad). di sl ocati on anni hilation will depend on
t he character of the remaining dislocations. 5- Such ability can be
assisted by (i) growi ng |onger boules and (ii) using seeds which are
generated farther. down the boul e process (i i a seed sliced froma

boule after UBFHBASIAYP Iﬁ%%?f?‘ieifrf%%{g“(’rlc?é S‘Hi"‘rdg?sj;apgg SFHE (PHersr eact ant's to
(t he HVPE s OC@S,S becr%p er%;hteg' %gﬁoagalllyod%rqnegdgniovgth,l &' econ }illgﬂltyishj};)lic(.ds l’s’.&c@ a% S

HCI, NH,), the process is amenable to growing very long boules. Boule growth on

"native” seeds (of the saine Iﬁ-V nitride) is critical to making very long boules since

cracking due to mismétqh strain will be eliminated. Concerning the importance of

growing on TCE-matched seeds, if boule growth is carried out on a seed that has a

15 different TCE than the HI-V nitride being grown, then uhon cooldown from the growth

temperature, the III-V nitride and substrate are under considerable strain and the boule

material and/or seed are prone to crack, but if growth is.carried out on a TCE-matched

and lattice-matched IH-V nitride seed, unstrained growth can be carried out, and

cooldown of the boule will occur without cracking. Wlth sufficient supply of reactants

( 20  and growth on TCE-matc::héd seeds, boules can be grkon that are several centimeters

long.

Considerably lower defect density substrates is achievable by starting with lower defect

density III-V nitride seeds prdduced by lateral epitaxial overgrowth (LEO).
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10 &a), be replenished periodically during growh, or be continually
supplied (such as HCl, NH3), the process is anenable to growi ng very |long
boul es. Boule growth on "native" seeds (of the same I11-V nifqrd dEP iAl4
critical to nmaking very |long boules since cracking due to m smatch strain

will be elighsk Concerning the inportance of gr Oﬁé DG CE- mat ched
seeds, if boule gjgsowth is carried out on a seed that has gg'ﬁggdifferent TCE

than the I11-V nitride being grown, then upon cool down fromthe growh
tenperature, the Il11-V nitride and substrate are under considerable strain
and the boule material and/or seed are prone to crack, but if growth is
carried out onlEOTEEHA eHH subitiared which dave bernatgtiinad| with\grawth rinhdkitos eed,

unstrained grom h can be carrjed out, a 00l down of the boule will occur
wi t hout cracki r‘iﬁ.“’n?/\fa"t”ﬁedgﬁf‘%?‘iﬂt‘@ﬁfc'%%bl&'3%'8? g‘?ﬁé’éfﬁ pss{serhephd Sgive h on
TCE- mat ched se . -o. n f everal .centineters |ong.
Consi derably | gé\?\%}mgewggﬁ%n g%n[snl s?g@iog‘ggcp %‘Q% éds %’.‘@"‘géﬁﬁ?"e“&a tfretﬂ%fm%ﬁ&ért ing with

lover defects dengbf shdldefect\proépatdibiler S BHAY mREQIBEREBY abdlisial ocGid taxi al
overgrowmh (LEO. 37 1 3 SEP 2004 WO 01/68955 PCT/USO /07945 LEO is carried

out on substr abas thihigh Mbibuking" RaBngrpeihtistiied reglohsh agir mobdh tendingdétty regi ons
formed by deposition (e.g. Si3Nd, W or SiQ2) or etching (trenches). Gowh
sel ectivity bethigeetionshethpmiridew rqgon. Bue hed)y defgstidensitidaveccegoomly @kt er t he

growth 5 direction and defect propagation of the 111-V nitride. Dislocation
anni hi | ati on o8®Hhdnhitjineseaiqns.uplsoohi yédpEpsiony A mrsatet BRR proseshvithi t ed

regions, and thro Jendi n f th islpcations i.n the wi ndow region.
Thus, | ower deFré“gtl!'gig&'elﬁg?gt %/m%‘céﬁls I?:cggrto %?)c?( oenTn;i/mo rror e 5t R ‘ﬂf‘ﬁ i ting

(regions, bup alsmi QURLdWiB ARG WPl AufigPeat ed LEO process with growth
inhibiting stripes displaced to"block the entire area of the seed may al so
be

(Ga,ALIn)N boules can be grown on previously grown LEO seeds or the boule process
can include LEO growth as the first stage without removal of the LEO material from
the reactor.

15
In the HVPE boule process, in addition to usmg ﬁigh quality GaN seeds, it is important
that the growth procesé be thermally unifof;n 50 thati lolrlzal strain is not induced. This
may for example be ;icl'lié;éd by usiné ‘a réfativély low growth temperature (e.g., from

about 900 to about 1100°C) and by using hot-walled reactor heating to maintain

20  uniform temperature across the growing boule.
The efficient conversion of III-V nitride boules into wafers includes boule orientation,

boule slicing, wafer sizing, wafer polishing, and wafer characterization. Concerning

boule orientation, accurate wafer orientation is important for proper deposition of IfI-V
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10 useful as a seed with uniformy |ow defect density. (Ga, Al,1n)N boul es
can be grown on previously grown LEO seeds or the boule procefs ﬁn
include LEO gromh as the first stage wi thout renoval of the Bovat 48kl
from the reactor. 15 In the HVPE boul e process, in addition to using high
quality GaNweerdsss it is inportant that the growh praaease thermal ly
uniformso that local strain is not induced. This may for exanple be

hi db I .relatively | W h t t. g., f bout 900
o about 11000H Pok 5 i GGtV POt B P aFe A PR 16-458 #al 20

i f t t ] ' | & s I el en [ f
TV e R HESRhP B PR AR B IRy Rl &l FRbARRYTT S 07 ©

slicing, wafersfefiolfl techiRdis, e BOLI-BEY aRMysisabHk MAIa8I AGRATED, BifHiddinli ON.
Concerning boule orientation, accurate wafer orientation is 1nportant for
proper depositipgn of I11-V 38 13 SEP 2004 WD 01/ 68955 PCT/ US01/ 07945
nitride epilayers. Laue diffraction can be enployed to determ ne crystal
direction, 3and the polarity of the starting seeds and boul e can be readily

analytically determ ned using  conventional techniques, e.g., surface
anal ysi s t ool Follqfére eficagtionEdic hoplery sliced: fith Jalemblankps A wie sy manibhg
orientation, the.b e.is sliced, into. wafer blanks. A wr w may be
enpl oyed for teﬁ‘f’l_gy%;gg'r B Bt e hf)P ?nﬁé’:‘%?f:a of B Foemg%e i%%"?% Slice the
boul'e by a 'g@ggggg&ésgcqms biBcdsd1h $rafd QG et “erqu%%%%ﬁ:dab&tsﬁ?' Wre is

coated with a (diamond/ BC) slurry, the coated wire 1's run over the
bottle, and a(cﬁ:ﬂ‘ﬁ:lnh/B@ﬁrﬁlUﬂf, tRY coated wire is run over the boule, and a small amount of

10 boule material is removed with each pass. Alternately, an abrasive impregnated wire
may be used. This process works as well if multiple wires ar¢ placed in parailel

positions, e.g., 125 wires, which allows a corresponding level of slices to be taken from

one or a set of boules in a single slicing operation.

15  The use of the wire saw in lieu of other slicing devices has three main advantages: (1)
lower kerf loss from the slicing pfocess; (2) higher boule throughput due to multi-wire
slicing, and (3) reduced subsurface damage from the sliéing process. Due to reduced

kerf loss, the number of wafers that can be obtained from a single boule is very high.

( 20 Alternatively, the bbui’é c;:uld be separated -'-'rxluto. individual wafers by thermally
decomposing peﬁédically ﬁ]aced parting l#yers. Fc;r example, the composition or
doping level of the (Al,Ga,In)N boule can be controiled over the length of the boule
such that periodic (e.g., }every 0.3 to 0.5 mm of growth) a;bsorptive layers (regions with'
lower bandgap or différent dopant type or dénsity) can be grown, in altemating

25 arrangement to the wafer material layer or regions. Exposure of the resulting boute to
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10 boule material is renoved with each pass. Alternately, an abrasive

i npregnated wire may be used. This process works as well if nultiple wires
‘are placed in parallel positions, e.g., 125 wires, which all VG SEP oppL
corresponding | evel of slices to be taken from one or a set of boul é@ fn
singl e slicwagr@psration. 15 The use of the wire SaWric‘}aJs%l%'-;b@@f ot her
slicing devices has three main advantages: (1) |lower kert loss fromthe
slicing process; (2) higher boul e throughput due to multi-wire slicing,
and (3) reduceltishs Byt iesac ey e PHorwnsetge that it noncpbysrlisd dlos mibuadivt o r educed
kerf |oss, the nulgﬁ r rgf V}afers, ]tlhat can be_(i)btai ned froma single boule is
very high. 20 REFEPHE TS RIS matgrial Ingst b prefstrntiplly or exelpsiyelt abserbediby thendi vi dual

waf ers by ther ) 0sin i odi cal l.y place arti | ayers. For
exanpl e, the co 5'}56'33 tl%ﬁq@? a 88?’%3‘5’1 g%gf“%é#'x? ﬁ’h Af ,Sgﬁ{“feni]ag?rb l e can be
control | ed ovegpatdign bRt mMdrial Bfer BRW Be bouklChhist fAdkkss RE h&%&n&&yg- , every
0.3 to 0.5 mmof growth) absorptive |ayers (regions wt I"ower “bandgap or
di fferent dbpaaired ype @pardesh bithe wofer IDRrsGE QW Froni e BduleR biidAAIN HitB 5
arrangenment to the wafer material |ayer or regions. Exposure of the

resul ti ng boulremavel o excgss Tr@EMI pRERHAINDYhE §8B&HT RETHlISO/, BA8AZadirgh power

| aser energy w th photon energy that is non-absorbed (or minimlly .
absor bed) by t'HEARGOLTOr NG EpeRiSuCCessiXs 15T Pa5Htier ¥sPent i al |y or excl usi vel y
absorbed by the absorptive layer will cause thermal deconposition of the
absorptive |layer and separation of wafer material |ayer fromthe boule.

Thi s process Gaiblds REKLEHLI Bliki¥n ﬁio&:gsrﬂ’rédﬁgngqg'# di&&e%ﬁm&u%{ GargAGH, of the
(V\)afer | ayers in turn fromthe boule, optionally wt renoval ~Of excess
Goup |l 1t éfeivalantddronizt fepion stthd Refer iOferdot@ iDOULIRY frboe: Thit Pukigle 9AS OF

l'iquid) before or during each successive |aser separation step. Follow ng
the slicing osizpard gdsi gennging es depelidud it tdrpuei-®ordied miadbatdideal waf er
body, abrasion process. In such pfocess two streams of micro-particles of abrasive, such as
boron carbide, may be used 'to cut the as-sawn SiC wafers. into circular wafers with the
appropriate flats. The system is advantageously computer-controlled to yield accurate
15  wafer diameter and flat lengths, as well as to produ.ce. edge-rounded wafers for

enhanced crack and chip resistance. Sizing could also occur before slicing, in which

case a higher throughput may be achieved.
Polishing of the wafer involves preliminary polishing, e.g., using diamond slurries,
e 20 followed by a post polish treatment to remove sawing and mechanical polish induced

subsurface damage.

The wafer derived from the boule may be.subjected to various other finishing

operations, including, without limitation, core drilling, abrasive particle jet exposure,
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10 the unwanted outer region of the wafer is renoved in a sizing process.
This cutting to size and edge roundi ng may be achieved by a
conputer-controlled mcro-particle abrasion process. In such 1p3055552§[}l,0
streans of mcro-particles of abrasive, such as boron carbide, may be used
to cut the ¥0ye88%f Si C wafers into circul ar wafers w pdrmshersappropri ate
flats. The systemis advantageously conputer-controlled to yield accurate
15 wafer di a to produc e-rounded

waf ers for ggnség] cl%éaegkw gaqé]{%?licalglzeg%‘%kclcil %ﬁShmg' e?‘ihlr? ang { ﬁafig' al%o occur
before slici ngatchqn@ whi ch case a hi gher throughput may be achi eved.

Pol i shing of the wafer involves prelimnary polishing, e.g., using dianond
slurries, 20 followed by a post polish treatnent to renove sawi ng and
mechani cal polish induced subsurface danage. The wafer derived fromthe
boul e may be sitbjpestnéihventon arano aspecd tdnermplaien i lleming ofersalisiron &y thiencl udi ng,
without Iimtation, core drilling, abrasive particle jet exposure, 40 1 3
SEP 2004 D O1iFEHoMSIipASYIEQOREerTon dviRe pEICEERniorfgablq dexier arbislpssuddras, cheni cal

mechani cal pol.i shi e Chl n - and. ctive ion etchi The present

i nvention in of “ng ¢t reec?r?fl aalffr@ge}? PSRRI FRE' Blfg"f‘ﬂgea§ﬁ5§ %te for the
5 mcroel ect rq,ggwg AN §6icO Lnd? bR SialeS b enahl e device
articles such as 1aser diodes on ¥re§res érgﬁt%[&&%qu eﬁ:lcg\’ﬁgm)s?’ructures
enabl e ali gnedadnitam/@gmnmgadmﬁsubbm&&maéaeingiew ce and substrate, thereby
permtting cleavage. Ceaving can be facilitated by thinning of the
substrate before cleaving. 10 The present invention offers various

advant ages over currently avail able and ot herw se proposed technol ogi es,
(I ncl udi ng: 10 The present invention offers various advantages over currently available and otherwise

proposed technologies, including:

(1) the provision of low defect density material. The defect density of the final wafers
is lower than those produced by currently available technologies since the defect
15 density of the starting seed crystal is comparable te the best (Al,Ga,In)N available and

the defects continue to annihilate as the boule grows,

(2) ready manufacturahiiity.of the product material and cost-effectiveness of the growth
process. The_necd for a high pressure apparatus is eiirﬁinated by using vapor phase

(J 20  growth techniques, and r'hultiplc wafers are produced from each boule.
(3) capability of growing large area wafers. Large area seeds are already available

and/or may be harvested from the process, to enable growth of boules with large cross-

sectional area. The boule cross sectional area is made larger by using larger seeds.
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(1) the provision of |ow defect density material. The defect density of the
final wafers is |ower than those produced by currently avail ail,e -

t echnol ogi es since the defect 15 density of the starting seed rJySC:tLea 2084
conparable to the best (Al,Ga,In)N available and the defects continue to
anni hi | ate azotiwesboul e grows. (2) ready manufact ur abipktidn bt he product
mat eri al and cost-effectiveness of the growh process. The need for a high
pressure appar%ui is elim g:at ed b%/ usi ng vapor phase 20 growth techniques,
and inultiple WAFEFE &R FeEFREEHAFE GRPRECHVHB b weregsed dusiap thigrowtly of

growi ng | arge [S.clarge area seeds are already avail able and/or
may be harvestggcfﬁ@]lg\g%%ﬁeeedgorrg%ge g %rgmg‘nabl e grow h of boules with |arge
cross- sectional area. The boul e cross sectional area is made | arger by
using larger seeds. 41 1 3 SEP 2004 WO 01/68955 PCT/ USQ /97945
Furthernore, tlw Hiifglap deFes balredlbMain GRNcHIICO OF QbStakChientionl REYsBAsEd during
the gromh, vyielding |arger seed for subsequent growh. (4) additional
degrees of f5r eedayntipm cithbe chwsércer oftingasl Sor atpeoved edntialt herowtibstis ate 5
orientation can be chosen or optimzed for inproved epitaxial overgrowh or
t 0 accommdat e *EPBEPIHeSPHETFideviceappicptions. i Qpiimal vafsr priratationa frey boreleeted at | ons may
be selected to.b face or -face,..and aligned with a principal

crystall ograph?ocbegqilgl-e. "(r;a'd-?ce’ %‘?&]fgn?ﬂw“hc?rp“f“?pab Glpgphicypxig{cmFitgiled t o
create surface y=rell [ 5),controllability of

el ectrical cha?@%ﬁ%@ﬁn&%@&r ecge%tgg{rfr?’%s% S%%g&aé% %rﬂ“té’ti cs of the boule
material can be controlled to suit the particular device applications to
whi ch wafers cut fromthe boule will be subjected. Doping is sinplified as
conpar ed t d0coffyemtrolahidity of bleantial ghronkristicsi The eledivai dhgradi@iétida of GORul0l | ed by
gas-phase flow rather than a difficult- to-control dopant concentration in

the melt. material can be controlled to suit the particular device applications to which wafers cut
' from the boule will be ,subjected. Doping is simpliﬂed.as compared to conventional
boule growth since doping may be controlled by gas-phase flow rather than a difficult-
to-control dopant concentration in the melt. |
15 |
(6) ability to control lattice-matching between the seed and growing boule crystal by

adjusting alloy composition of either precursor.

20  The features and advantages of the invention are more.fully shown by the following
non-limiting cxample, wherein all parts and percentages are by weight, unless

otherwise specifically stated.

EXAMPLE 1

25
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15 (6) ability to control lattice-matching between the seed and grow ng
boul e crystal by adjusting alloy conposition of either precw( 0l 29 [il'he
features and advantages of the invention are nore fully shown gy lEIEe 00%
following non-limting exanple, wherein all parts and percentages are by
wei ght, unl weswesss her wi se specifically stated. EXAVPlHcTisi2rods?2 1 3 SE P
2004 WO 01/ 68955 PCT/ USOL/ 07945 GaN boui es were grown on GaN seed crystals

by hydri de vapor_ phase epitax HVP i n reactor system of the type
shown schenat i @ hoyies Ferg prepRet §.5N ﬁ%@rt%alscbﬁg?ridfam phatgfeitgsy GiYiddd by
interaction of, HC gas_wt lten Ga, af .- m aseoys gallium
chl ori de corrpo"llﬁllr .aCt%nsﬁ%ﬁ? 3Pt{' {Iﬁ'ﬁ’e %3‘%’“ %P%n%/af'(&gg?ﬂqﬁgbﬁ}a?%hﬁé% Cgibsﬁtél Ttuent. 5

The GaN seed ooy 5l 3l MPAEaPEAYYELR Yl BRUENERL OBIGE]] roh bRkt echni que.

The use of Ga eviated t straln associ ate and | attice

m St ch and  Gh bl Qb S5 001) fs hODIRAH gl &hBiknCT 20K NG, The

seed crystals were first Treactive ion'etched (RIE) in SiCl4 to renove 0.5
pm of matersal and then cleaned with 10 solvents and dilute HCL to renove
surface contaninants and the native oxide fromthe GN. Polishing of the
seed cryst al s,ThoGal lseed gnetalsfverpraginedhy SrdiifEopticblifthd tedhpiquepiefwer ed f or
best results. The seed was pl aced.in the HVPE reactor and nmaintai ned under

a flow of NH3 ofifNIseedserllgyiggent the iigan piipdiatedy Wit T and\kitiss "ieiwtshraad ur e was

lrrgjs b et 322 d9t9 aCcih alilgdl [Qg grtovbrt% aq raq})Ar'ltgquqg %tﬁo% Ergcﬁlcing.a%p &4 ers zlil \Qgrg ﬁg's?rrper atures

_ reactive ion etched (RIE) in SiCl, to remove 0.5 ymn of material and then cleaned with
( . 10 solvents and dilute HC{ to remove surface contaminants and the native oxide from the
GaN. Polishing of the seed crystals, or the use of as-grown smoother secds, is
preferred for best results. The seed was placed in the HVPE reactor and maintained
under 'c: flow of WH; until the growth was initiated. The \;fafer temperature was less
than 993°C during the growth nucleation, alghoug'h higher temperatures may be used to
15 advantage. Lower than ideal temperatures were %:mp?oyed in the first trial in order to
. make sure that the GaN ma;erial would not crack. The ratic of NH, to HCI flow during
the process was mainta_inled at —-3.5. Growth rates as high as 0.15 mm/hr were
demonstrated. | o
( 20 A GaN boule was growﬁ, 8 cm’ in cross-section by 4 m_ml long on an irregularly shaped
GaN seed. The initial results obtained demonstrated that GaN boules, substantially
longer (thicker) than previous reports, can be grov.lrt.h without cracking and without

appreciably reducing the crystal area of the starting GaN seed. The GaN boule material

was robust enough to be mechanically transformed into individval wafers. Wafer
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15 advantage. Lower than ideal tenperatures were enployed in the first
trial in order to nake sure.that the GaN material woul d not %r C The
ratio of NH3 to HCl flow during the process was maintai ned at! v3 E-Pé[}%)th
rates as high as 0.15 mm hr were denonstrated. 20 A GaN boul e was grown, 8
cn? in crosswseastison by 4 mmlong on an irregul arly shapeshin@aN seed. The
initial results obtained denonstrated that GaN boul es, substantially

| onger (thicker) .than previous reports, can_be growh w thout cracking and
whthout - appr cCHH g AR B RS TeryE S A B 1 FHE® SEATIRITEAN soad.
The GaN boul e terd.al. [ enoygh be hapical L.y. transf or ned
Into i ndivi dualy it epae i }é"r&%g&%fe?’@é% “ﬁ’%g%e\f%qg 7 QBYE Pl 981/ 07045
slicing was accofp dusRRcilhisRinikises oA sives(dibntigQf 1 ndi vidual wafers was
acconpl i shed by sandblasting and the final waf'er product was edge rounded.
Wafer polishing was carried out with di mnishing sizes of abrasives
(dianond). 5 Several wafers were successfully fabricated fromthe initial
GaN boul e. TPhe Sawrab virfere drerevsadeensivily fbnicptad fr@a Nebotd] GaNddula Theansiiced se

di mensi on of approximately 1.75 inches, and the as-cut wafer material was
pol i shed and siw2itifrem hy @Ngboyle hag p fpnsyrrsg fipcasiongffapproximptaly d 7y dnchgs. qual i ty of

the wafers was good. Despite the use of intentionally |ow quality 10 seed
mat eri al (rougﬁ‘%e{ I Sﬁl"t“fagedﬁnfneﬂ? ﬁﬂaWﬁ%‘i@a S'ﬁ?dgf)%'fflglai] (5%h d‘é’ﬁﬁaé"ag’&npr oni sed
process (growth tenperature decreased with boule growh), the double
crystal x-ray rocking curve full wdth at half maxi nrum FWM (shown in

FI GURE 3), for rhdeysaadlai@beme wirhs ahd 1064, fepme i esd iy enh@uheowaish,act uri ng
met hod was -351 arcsec, conparable to good quality GaN heteroepitaxi al
(material . The ad erennl (rougt ewpitted)y mirémdl seeti peperation, tainka bbipfoinised pro@éser s
conpared favorably wth other HVPE material, nmeasuring |less than 1016
(growth temperature decreased with boule growtfl), the double crystal x-ray rocking
curve full width at half maximum, FWHM (shown in FIGURE 3), for the GaN wafer
obtained from the HVPE boule manufacturing method was ~351 arcsec, comparable to
good quality GaN heterocpitaxial material. The backgroﬁnd donor concentration in the
15  first wafers compared favorably with other HVPE m;aterial, measuring less than 10"
cm®,
The foregoing example demonstrates a proof of principle of the boule manufacturing
methodology of the -préserit invention. Aﬁ-optimai imi:jlementation of the inventive
( 20 method would include use of high quality, properly sized-seeds, optimized seed

preparation, and the maintenance of a constant growth temperature in the growth

process (involving seed retraction).

The foregoing example demonstrates the f‘o[loWiﬁg characteristics of the invention:

25
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cms. The foregoing exanpl e denonstrates a proof of principle of the boule
manuf acturing nethodol ogy of the present invention. An opti nal

i npl enentation of the inventive 20 method woul d i ncl ude use gﬁani%ﬁ 2004
quality, properly sized-seeds, optimzed seed preparation, and the

mai nt enance vwaf 01@8s960Nst ant growt h tenperature in the 95491%%/07 Locess
(involving seed retraction). The foregoi ng exanpl e denonstrates the

followi ng characteristics of the invention: 25 44 1 3 SEP 2004 WD 41/ 68955
PCT/ US01/ 07945 Xaapraphassigasdh o T VPE srqyh praveEwer ewieh oo depssit 4vam ofar ri ed out
to deposit 4 Since growh in the vapor phase proceeds

Gatl mat er i ﬂ'-- %

farther from eqlitl TBFRLMHEHERYD SR EREPEHE Propisiadagien e el bHvD ks and t he
it j t] | ],V lied: to th t he, df

nitrogen precurzlk,dopal bR §|’o@%e4h¥:gseggr% tfgﬂer‘x_ﬁro&ﬁnopngcgl\'eﬁfrﬁg c?o%ﬁ@%l}y sagpgw? ced tor a

hi gh pressure apparatus 1§ elitmn _ h rates in
excess of 0. 15 g foce ,fh@n&%’f&'ﬁ%fgﬁ?ﬁ@g‘e%grampisgmﬁiﬁatwOWth rates (e.g., 2-4
n

ti mes higher than denonstrated i is exanple) are achievable with
enhanced NH3 cracking and higher growth tenmperatures. 10 Large area - The
boul e cross-sectional area equaled that of the seed crystal. In the

f or egoi ng exanpligh srowthgatof- Ghvethsmeds wess bf Kid edh/lirovere Bemoodtted it t here i s
no barrier to  scale- uE of the process to larger dianeters. Crack-free -
Growt h on | at t hiEBer R EYesai @ PORIme thigherdhanedeanopsiyied i Hisemamladre he 15

growm h of 4 mm of N wi t hout acki.n i.n _marked contrast to previous :
seeded growt h Scﬁlf”eé?%%%'\#ﬂes"a%’ﬁﬁi I Ffa%%fé%*}’@\‘*h&’?‘?‘g&“wa?‘aﬁﬂ% of the growth and

cool down was

T

(._ : 10 Large areq — The boule cross-sectional area equaled that of the seed crystal. In the
foregoing example, area of the seeds was limited to ~8 ¢cm?, but there is no barrier to

scale-up of the process to larger diameters.

Crack-free — Growth on lattice-matched and TCE-matched seed crystals enabled the
15 growth of 4 mm .bf Gaﬁ ;vithout cracking, in mafkcd contrast to previous seeded
growth on SiC or sapphire. The str‘;aianréé nz'i'_ture of the growth and cooldown was
further demonstrated szllncjé‘initial cracks in the‘ secti did not propagate during boule

growth (they did not -gr:ow léterally or into the material of the new wafers).

(\,‘ 20  Sliced wafers — The GaN boule was robust enough and of sufficient length to be sliced
into individual wafers that were subsequently sized and polished to a specular finish.
The resulting wafers arc highly suitable for handling, epitaxial growth and device

processing.
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further denonstrated since initial cracks in the seed did not propagate
during boule growth (they did not grow laterally or into the netgrEaP o4
the new wafers). 20 diced wafers - The GaN boul e was robust enough and of
sufficient length to be sliced into individual wafers that were

subsequent | yws#zeds and polished to a specul ar finish. pcdfi@bgaul ting wafers
are highly suitable for handling, epitaxial growh and device processing.
45 1 3 SEP 2004 WD 01/68955 PCT/ US01/ 07945 Good material quality - The
crystal quali tyﬁ%ﬁrﬂrﬂ%ﬂ%«ﬁ&é& %w«%’awa%sf e pafes s epreparsblede eotsit axi al GaN
materials. The % re P %}; n‘g § denonstrates the advantages and features
of the inventio e.erq§ ’\?é'ra SUE™2EE et s of the invention are susceptible to
optim zation, including: Seed preparation -There is an obvi ous change in
structure of the GaN deposited on thé seed. Optim zed seed preparation and

growt h nucl eat it @Je@qil@owaﬁgem&l&lsmesrmahma&es bducrefibtad be the Rlvedilde Product
boule. 10 Reactor design - The growth reactor desirably is constructed and

arranged t o fini Yaiond agpectg phrie inlv@tidsoad so@kpitibe t@dptimizgdongindwdidy: r at es, with
ef ficient nmanagenent of growh byproducts and with continuous reactant
repl eni shnment. 15 Crystal area - Edge preparation techni ques are conbi ned

wi t h hi gher growt{p t enper at ure, her NH3/Ga ratios, |ower pressures,
desirabl e ther nséf‘;-’b‘f‘g&@% gheﬁf’dﬁa“ql? “sﬁhﬁnﬁﬁwwwfﬁﬁﬁaﬁmﬁ@s‘@anﬂﬁat singl e
crystal boule er, ction endi cular to the
seed and in th(ra@%]l dé’ghzgise% ?ﬁ?ﬁrﬂg%? Ne glgg%mf’ 53R mprpg’t PPEPEF ar ea.
Al ternately, ec{%ugﬁggftﬁ%r&ﬁgmmgues serV| ng as Iateral growh barriers are

(. 10
Reactor desipn — The growth reactor dcsiraﬁly is constructed and arranged to uniformly

grow the GaN boule at high growth rates, with cfficient management of growth

byproducts and with continuous reactant replenishment,

15 Crystal area — Edge preparation techniques are’ combined with higher growth
temperature, higher NH,/Ga ratios, lower pressures, desirable thermal gradients and
non-uniform flow patterns, so that single crystal boule material is grown both in the
direction perpendlcular to the seed and in the dlrcctlon parallel to the seed to expand
crystal area, AItemately, edge coating techmques scrvmg as Jateral growth barriers are

(v.: 20 usefully employed to ]imlt polycrystalline - growth at the edges of the boule and

encroachment of the smgle crystal area.

PR s
Wafer fabrication — Wafer fabrication unit operations (polishing, sawing, sizing,
finishing, etc.) are suséeptiblc to optimization within the skill of the art, to maximize

25  the quality of the product wafers yielded by the boule.
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20 usefully enmployed to Iimt polycrystalline- gromh at the edges of the
boul e and encroachnent of the single crystal area. Wafer fabrication -
Wafer fabrication unit operations (polishing, sawi ng, sizing, 7¥8nbERipgl4
etc.) are susceptible to optim zation within the skill of the an, to

maxi m ze 25ddigsgual ity of the product wafers yiel degefyofdifasboul e. 46 1
3 SE P 2004 WO 01/68955 PCT/ US01/ 07945 The boul e of the present invention
may be parted or sectioned in any suitable manner to provide nultiple
devi ce qual ity Thabewleohtkregsent HEptipmyanhe partep POpRignedsn ehy \piitable manper toy

substrates for [ ' f A\ VE-1dl ' l ectronic,.devi ces and
devi ce precurs%(?‘p(%t ru tleﬁér.éé’fsg% q@ﬂ%ﬂﬁggegs sﬁé(}:'ﬁﬁeésn% Pibg]ﬁ'ﬁ‘;]g%d? %eﬁlae“‘aﬁa%t&es, | aser
di odes, ul travisobsetted fop Halirioalioh @€ hovise virleghofahientieamnioabiides tyd teviasi st or s,

bi pol ar transistors, heterojunction bhpol_ar transjistors, high power
rectifiers, wavETBRY UG §F°8rf's et TR e LBolithtigdcsetiEavidiyer al

di fferent typesh@bded@R, RN icelfonahddiliy) trhhSkioAl by VirH886S, ied;umbshow. 10
FIGURE 4 is a schematic representation of a double heterostructure LED 90

fabricated on bipolgaf Epnsiprsg elighy erdWer gestifieouraselenitht Wiévisiony eitipsing The waf er,
whi ch may be an_n- i.al., med .on, it ot t.om surface
an n-el ect roderlglﬂr.’on%ggr%ﬁy;%ﬁga”t%}eﬁ {) EJ 3 3?%‘%@3&2‘%8 £ r%é lﬁ/té?né@y g?sgnbte‘fl'ue

sequenti al | ayeelsw96- 104, including an n-Al GaN cladding |ayer 96, an
undoped | GaN active region | ayer 98, a p-type AlGN cladding 15 layer 100,
a p-type GaN contact |ayer 102 and a p-electrode 104. FIGJRE 5 is a
schemati ¢ rHor ELEMRES isgrichsmatic repressriatian plasiopbleihedrgestryctyme LB PQ febricatad on a

wafer 112 detived [Log g houle, of he divention, The wgfer 112 is of a
(p-type Al GaN SRE FFEF2 SV EHTUR f 30T fiedveptions AP taiera Much Py 1 82 on it s
bot t om sur f acedoﬁ{ Rfidan Iﬂgerﬁan%as formed on its bottom surface an n-electrode 94. Overlying

the top surface of the wafer are the sequential layérs 96-104, including an n-AlGaN

cladding layer 96, an undoped InGaN active region layer 98, a p-type AlGaN cladding

15 - layer 100, a p-type GaN contact layer 102 and a p-electrode 104.

FIGURE 5 is a schematic representation of a cleaved laser diode 110 fabricated on a
wafer 112 derived frm; a bonle of the invention, The wafer 112 is of a p-type AlGaN
material, with a large érea p-contact electrode 114 on ité bottom surface. Overlying the
20  top surface of the wafer are the sequential iﬁyerﬁ 1116-]24, including -a p-AlGaN
k/ cladding layer 116, a GaN/InGaN multiple quantum well active region layer 118, an n-
type AlGaN cladding layer 120, an n-type GaN contact layer 122 and an n-electrode
124.

25  FIGURE 6 is a schematic representation of an ultraviolet photodetector 130 fabricated

on a wafer 132 derived from a boule of the invention. The wafer 132 is formed of an
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20 top surface of the wafer are the sequential |ayers 116-124, including -a
p-Al GaN cl adding layer 116, a GaNInGN nul ti ple quantum wel | active
region |ayer 118, an n- type Al GaN cladding layer 120, an n-tygeSERN2gQ4
contact layer 122 and an n-electrode 124. 25 FIGJRE 6 is a schematic

representati n ultraviol et photodetector 130 fabri on a wafer
132 derived ‘?¢1(3Fr§1;93?boul e of the invention. The wafer ?é—gﬁs?}s’(ﬁ Brmed of an 47

1 3 SEP 2004 WO 01/68955 PCT/ Us01/07945 Al,,,G,.,,,N material, wherein x,
> x2 + 0.05. Ovel Gy MNgndtdrial, shérsih kgt g +dris. Ohelypeguenisirat are thay@gnantid 34- 137,
including n-type Al,,,Gl1.1,,N material |ayer 134, n-type Al "2Gl. 2N

materi al | ayer 186 134-187.ciothrdingen-tygs AL&is.iDh aterdl jlpyer {ifnadme dle@i PGl x2N

material |ayer 138, a p-type A,.G, x2N. terial |layer 140, a p-type &GN
mat erial |ayer el gyer 436, grefegindt 137, Sﬁ'éﬂ"”f%"n@‘-‘*’%’iﬁ‘ *}I‘Y BRI ¥ ect r ode
144. FIGURE 7 is,a schematic representatj.on. of i r bility
transi stor 150 ﬁlg’a%P'?y@%gZ‘éjjabﬁﬁgpageél%ﬁ?)ieﬁis‘{l?r a ?yﬁﬁ%égﬁgam%rgtﬁ§°&%%]@g?| ved from
a boul e of §he,lpyeiliiype GGl bRBulhe1af er 152 are sequential layers
154- 158 i ncl udi ng undoped E;aN I"'ayer 10 154, undoped Al GaN | ayer 156 which
may have a thickness on the order of less than 100 Angstrons, and n Al GaN
| ayer 158 which may have a thickness on the order of about 200 Angstrons.
The devi ce str UJIGURB 7 inel witsstidrepicrensliencifraokigh d60on gmbityetrapgtiordd® 162 and

source el ectrode 164, as shown. 15 FIGURE 8 is a schematic representation
of a high powerfarisated g eemi-meulating Call sty | Grioryed fram@ahgule olpeiavenind waf er 182

derived froma (gvo l.e of the invention..Underlying, the fer.j s an ohmc
contact 184, an eﬂ’()@% ?’f/iwﬁ T 132 % Seeq'éfﬁﬂarll}aﬁff)g&('%k é&f“ﬁb"ﬁlugﬁeﬁdéag)df ’?yelr ayer 186
(a“d Schot t kYO COI@E,E{:%EIopwﬁlGaN layer 156 which may have a thickness on the order of less than
100 Angstroms, and n” AlGaN layer 158 which may have a thickness on the order of

about 200 Angstroms. The device structure includes drain electrode 160, gate electrode

162 and source electrode 164, as shown.

15 FIGURE 8 is a schematic representation of a high power rectifier 180 fabricated on an
n-type (AlGaln)N wafer 182 derived from a boule of the invention. Underlying the
wafer is an ohmic contact 184, and overlying it are an n-type {AlGaln)N stand-off layer

186 and Schottky contact 188,

&-/‘ 20 FIGURE 9 is a schematic representation of an AlGaN/GaN heterojunction bipolar
transistor 200 fabricated on an n—t&pf.: GaN wéfer 202 derived from a boule according

ER

to the present iri_irentiibn., “The device structure includes an n-type GaN collector 204,
collector contact 206, ;hirnﬂ(e.g., 100 to 300 nm thickneés) p-type GalN base region 208,
and base electrode 210. Overlying the base region are the n-type AlGaN emitter 212

25 and emitter electrode 214. The Junction between the emitter and base material may be
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20 FIGURE 9 is a schematic representation of an Al GaN GaN het eroj uncti on

bi polar transistor 200 fabricated on an n-type GaN wafer 202 Pgr@f§d p&@n1
a boule according to the present invention, "The device structdre |ng 1des
an n-type GaN col |l ector 204, collector contact 206, thin (e.g., 100 to 300
nm t hi ckneswpopestsgpe GaN base regi on 208, and base eatcrasaote 210.
Overlying the base region are the n-type AlGaN emtter 212 25 and emtter

1°SEP 2004 WeH SRS BT BRAF o s SRt A el iR base 208
to the Al GaN cOIPQSLOMcofiloulS oRThldulon 6ol fhs B0 DT UDI i scont i nui Ly

in the conductton S junction e present invention is
described herein in reference to the fabrication and use 5 of boules as
bul k growt h bodies fromwhich nultiple mcroelectronic device-quality

waf ers can be wileaiegededd nvadioh istdefibed heginbd reftiraditoom thei fibrisitioh akieusappr eci at ed
that various of the described techni ques have applicability to single

waf er fabriscatof benles ras)édlsswth badigp fremmhenulténén\m@rqqlgw@nw‘é@gu@m be
produced by growt h of thick - .500 nlcronsz GaN on_ sapphire, and
subsequent  parfeRgappe ?’H‘@"’Q%W Flagx'f%’f °rfsf‘lﬁﬂlﬁ‘sc“ﬁ‘e“ §’élb‘ﬁ?rﬂpl"'§ e WYNLIWPKt e, with

the resul ting %ydﬁs%?lbeed te ns&e‘s a\ie 359 :(:al:nf’\a tcr dn%e wai%yggncgtl'len?é;loc srsé)sceSSI ng. In

this case, add epl a I al rs c surface of the

substrate,  eighbNGEmMk INilaREwIHY G DY ploBilePby Sbwih Of HERRU AL 3080 sy om t he

seed, or in a different process step subsequent to renoval from the HYPE

system Such hfdreiBf GaoDdaphire@h@subsbgieat patting bicth¢|GRS lay & fdiMBIRGBIpRIrd O Process
operations of various types described herein, 15 including for exanple
(dOpI ng, poloi skibsigptearrith ﬁnemswgnsfﬁ@pbycr2@5&&#&@@&@&t”qneubmvre!nprio@ﬁsirmas been
variously disclosed herein with reference to illustrative enbodi mrents and
features, it W W He a&ﬁ‘ﬂ?’@b‘fpéff’%”d laygis pouldhe BEPE 98 TFeiERee ghigje substrate,

either within the HVPE system prior to separation from the seed, or in a different
process step subsequent to removal from the HVPE system. Such formation of single
wafer structures is amcnable to process operatlons of various types described herein,

15  including for example dopmg, polishing and s:zmg stcps

Q/ 20 Although the invention has been variously disclosed herein with reference to
illustrative embodiments and features, it will be appreciated that the embodiments and
features described hereinabove are not intended to limit the invention, and that other
variations, modifications and other embodiments will suggest themselves to those of
ordinary skill in the art. The invention therefore is to be broadly construed, consistent

25  with the claims hereafter set forth.
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features descri bed herei nabove are not intended to limt the invention, and
that other wvariations, nodifications and other enbodi nents wi|l ggest
t hensel ves to those of ordinary skill in the art. The inventi%nsﬁﬁglef@ﬂore
is to be broadly construed, consistent 25 with the clains hereafter set
forth. 49 1 g% $&Ess2004 WO '01/58955 PCT/ US01/ 07945 THE (st VWhat |'s
Clained Is: 5 1. A mcroelectronic device quality (Al,G,In) N boule. 2.
The boule of claiml, having a transverse area greater than 5 square
centinmeters. 10 3. The boul e of cl alHELLMMSi ng a | ength of greater than 5
mm 4. The boule of claim1, grown fromnative seed crystal. 5. The boule
of claim1, grown by vPE 15 6. The boule of claiml1, grown fromnative
seed crystal, hehatixClsindiddeter greater than | centineter, and a | ength
greater than | mllimeter, which is substantially crack-free and has a top
surface defect density of |less than 10' defects cm2. 20 7. The boul e of
claim1, hawing a |£ﬂﬁ¥o@1egfoﬁ@d@ﬁcchbfﬁﬁyﬁ{&],ﬁi,inbNlmhérS- 8. The boule of claim
1, having a length greater than 10 mllinmeters. 9. The bouie of claiml,
grown froma native seed crystal, wherein the boule has 25 an extremty

Wth a greatertrangyqhae &' Gmt 1Rk} SBRYetd Y2k Hrearcd GnahSs Splar?004

centimeters.
0 3. The boule of claim 2, having a length of greater than 5 mm.
4, The boule of claim 1, grown from native seed crystal.

5. The boule of ¢laim 1, grown by VPE.
15
6. The boule of claim I, grown from native secd crystal, having a diametér greater
than 1 centimeter, and a length greater than 1 millimeter, which is substantially

crack-free and has a top surface defect density of less than 107 defects cm™
20 7. The boule of claim 1, having a length greater than 4 millimeters.
( g 8. The boule of claim I, having a length greater than 10 millimeters.

9. The boule of claim’' I, grown from a native seed crystal, wherein the boule has

25 an extremity with a greater fransverse area than the seed crystal.
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WD 01/ 68955 PCTI USO /07945 10. The boule of claim1, grown on a seed
crystal having an orientation selected fromthe group consi st]irpo#ggj 004
c-axis, a-axis, maxis, r-axis, and offcut less than 10 degrees ror’a Q?
primary crystal axis. 5 11. The boule of claim 1, grown on the N-face or
(AL, Ga, I n) - WHEB6YSS 3 c-axis- oriented seed crystal. 1PcraiBamr@sul e of claim

1, of n-type. 10 13. The boule of claim1l, doped with a dopant species
' nd germani.um .14 The boul e

sel ected fromtjge 9FQWRyIe %Pfﬁl‘nsf ig nh aSkdd R f’flavmg gn orieniation ?egzlgﬁed silane. 15

of claim 13, wherein the silicor“dopant species Is-deriv

15. The boul e of clfainmhd Zroupvbrekigting of biexig) @-axiy -4x68 SoRAkdd FPRAsCHhat S deri ved
fromgermane. 16. The boul.e of claim 1, doped to yield a roomtenperature
el ectron concent r at i*SFES FOBA PRI YHYFIS1 E 15 to about 5E 19 cm 3. 17.
The boule of claiml, doped to yield a roomtenperature el ectron
concentration of fromabout 5E17 to about 1E19 cm 3. 25 18. The boul e of
claim11, of 3p-tl{pe.Thg doulqiet clgigull.cerefn e die -1 ordybEd Inkifich ofia dapiant speci es

selected fromthe qr. .sting of beryllium magnesiumand zinc. 51 1
3 SE P 2004 WO 01/ EHOLE PAFRYED1/ 127045 20, The boule of ol aim 19, doped
usi ng an organonetal lic source of the dopant

12.  The boule of claim 1, of n-type.

10 13.  The boule of claim 1, doped with a dopant species selected from the group

( consisting of silicon and germanium.

14.  The boule of claim 13, wherein the silicon dopant species is derived from

silane.

15
15.  The boule of cl:;im _13, wherein the germanium d_opant species is derived from
germane,
16.  The boule of claim 1, doped to yield a room temperature electron concentration
20 of from about 1E15 to about SE19 cm™.

17. The boule of claim I, doped to yield a room temperature electron concentration

of from about 5E17 to about 1E19 cm™.
25 I8.  The boule of claim 1, of p-type.

19.  The boule of claim 18, doped with a dopant species selected from the group

consisting of beryllium, magnesium and zinc.
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species. 21. The boule of claim 18, doped to yield a roomtenperature hole
concentration of 5 from about 1E15 to about 1E19 cm 3. 22. The boul e of
claim 18, doped to yield a roomtenperature hole concentrationld St @4
about 5E17 to about 1E19 cm 3. 10 23. The boule of claim1l1l, doped with a

dopant speciggosgdsected fromthe group consisting of pyapagiwp chrom um
iron, arsenic, manganese, cobalt, nickel and copper. 24. The boul e of

cl ai m 23, doped using a vapor source of the dopant species. 15 25. The
boul e of clai m32%3, \F&?@iemft%nd&mftd wHng a esgapanatdic speree 6 therdepantol i d
source sel ected fro%; e group consisting of p-type and deep |evel dopant
solid sources. 20 26. The boule of claim 23, having a resistivity greater
than 1E3 (nore preferably greater than | E6) ohmcm 27. The boul e of

claiml1, grown on a_ngn-native seed crystal. 25 28. A iAI , G, In) ,N boule
conpri si ng seedmat &5 881 ghdrind i darsdin Brld & roopyeimsreturshiofesgrrentifienpian

interlayer between gahehos€Rds IBL&K o gd said boule material. 52 1 3 SEP
2004 WD 01/ 68955 PCT/ USO /07945 29. The boul e of claim 28, wherein the
interlayer material has a functional character of at |east one of

al l'eviating or gccoppdall ng,strgin Lo t waf er source, materjal, altering
el ectrical charact efl}%st%‘lE %ggé?mtlﬁéio edftoeli"'g‘g%ﬁ’ro %gemr?ﬁfaglfcﬁlgle,concfﬁrah%orqg def ect
density of the waf efrors atotcSE 1 Ttabouk BE19 cindCi | i t ati ng separati on of

10 23.  The boule of claim 1, doped with a dopant spécies selected from the group
( \- consisting of vanadium, chromium, iron, arsenic, manganese, cobalt, nickel and

copper.

24, The boule of claim 23, doped using a vapor source of the dopant spécics.
15
25.  The boule of claim 23, wherein the dopant specics is derived from a solid
source selected from the group consisting of p-t);pe and deep Ievel dopant solid

sources.

20 26.  The boule of claim 23, having a resistivity greater than 1E3 (more preferably

greater than 1E6) chm-cm.

N .
(,’ A

27.  The boule of claim I, grown on a non-native seed brystal.

25 28. A (Al, Ga, In} N boule comprising seed material and boule material grown

thereon, with an interlayer between said seed material and said boule material.
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5 the wafer source material fromthe seed material, and facilitati ng growth
nucl eation of the wafer source material. 30. The boule of cldfin re| n
the interlayer is deposited by a deposition process selected fromt

group consisting of VPE, CvD, PVD, MBE, 10 MOVPE, and HYPE. 31. The boul e
of claim 28 woriesvssi n the interlayer is formed by nodi beinigier®s Chi ng or
patterning the seed crystal. 15 32. The boul e of claim 28, wherein the
interlayer is conpqsed on one or nultiple layers or materials. 3 ' 33. The

boul e of clai mPl, HRGPHY A clims ‘(‘,‘]éer"d‘b‘f"’e’(‘}leﬂﬂé‘rfgﬁlt?r&?“@f fuactions] BigFctED6 def ect s

cm 2. 20 34. The bouleiqf &b a;f.naléma.gvcirragcoﬂmmgl@&a% AeleClardesLs Y of less
than 104 defects cmx. 35. The boule of claim having a dianmeter greater
than 1 centineter, matrdaly alteringt ¢lectrial gha@alﬁmtlcs lafirthel wadfel |spurest ewjeristhi ch i s
substantial l'y crack-free own on a seed crystal
having an orientat |[%1H°"§ge?efecfdeﬁslgf°|f “faﬁer Soufcgﬁnpalteg?)lnga g{ A Sepsfatign g 6

a-axis, rn-axis, r@xivafer fifce Uhat@il Gohabd edd Mdteliald aSERCRAA: Wowthl/ 68955
PCT/ USOI / 07945 of fcut from1 to 10 degrees fromthe primary crystal axis,
N-face and (In, Al Pesiqpliongiéhe wafer soppemplgiifle of claim 1, wherein the (A, Ga,

In) nitride conprises (Al,Ga,In)N.

30.  The boule of claim 28, whercin the interlayer is deposited by a deposition
process selected from the group consisting of VPE, CVD, PVD, MBE,
10 MOVPE, and HVPE.

31.  The boule of claim 28, wherein the interlayer is formed by modifying, etching

or patterning the seed crystal.

15 32. The boule of claim 28; wherein the interlayer is composed on one or multiple

layers or materials.

33.  The boule of clgim 1, having a surface defect density of less than 10° defects
cm? -
20
34.  The boule of claim 1, having a surface defect density of less than 10* defects

-2

( cm”,
ey

3s. The boule of claim 1, having a diameter greater than 1 centimeter, and a length -

25 greater than | millimeter, which is substantially crack-free.

36.  The boule of ‘claim I, grown on a seed crystal having an orientation selected

from the group consisting of c-axis, a-axis, m-axis, r-axis, offcut orientation
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5 38. The boule of claim11, wherein the (A], Ga, In) nitride conprises GaN.

39. A(Al,&,In) nitride boule or wafer, doped by nucl ear traﬂsgun'ff‘gifré
dopi ng. 40. The boule or wafer of claim39, doped to yield a ro 004
tenperature electron 10 concentration of froml E 15 to 5E 19 cm 3. 41.

The boul e ofvoGl/@bsn | or a wafer derived therefrom do&q.gmg%(mg%ffusi on at
tenperature greater than 600 degrees C. 15 42. The boule of claim1, grown
on a seed crystal produced by an optical liftoff technique. 43. The boule
of claim1, grown 6HcW Ewed tor V& tdagreep rfesafu dhedprieng coselhaxist N-@b¢ @l In) N on
a sacrificial tenplatse Ggﬂgcerermval of the tenplate by a renoval technique
20 selected fromthe group consisting of physical, thernmal, etching,

H-fract ure and37. eniih¢ bduleatielsitn I, @hmaimthe (400 In Hi@Rle cohdbrisod (A¥Tagh)Nder i ved from
the boule of claim11. 25 45. The wafer of claim 44, having an orientation
selected fromthe group consisting of c-axis, a-axis, maxis, r-axis. 54

13 SEP 20045 W31/ GRORAIcRETMIOVAATIAS 4 G0s THBuMRERRLQL Gkl m 44, having an

orientation offcut from0.5 to 10 degrees from a primary crystal axis. 47.
The wafer of claim44, having at |east one of the N-face and

Al, Ga,ln)-f f saxis: ori ent ed { i taxi al
gronch. b, e waf SRS BLAKUEENP o TS 4Rl Bl Bl R Hate s o1 v 11 om

native seed crystal. 10 49. The wafer of claim48, parted fromthe native
seed crystal by other than slicin
y 4}6 JPhe bou[é or wafer of cl%m 39, daped to yield a room temperature electron

10 concentration of from 1E15 to 5E19 cm™,

41. The boule of claim 1 or a wafer derived therefrom, doped by diffusion at

temperature greater than 600 degrees C,

15 42.  The boule of claim 1, grown on a seed crystal produced by an optical liftoff

technique.
43,  The boule of claim 1, grown on a seed crystal produced by growth of (Al,Ga,In)
N on a sacrificial template and removal of the template by a removal technique
20 selected from the group consisting of physical, thermal, etching, H-fracture and
embrittlement removal techniques. |

44, A wafer derivedfrom the boule of claim 1.

25 45.  The wafer of claim 44, having an orientation selected from the group consisting

of c-axis, a-axis, m-axis, r-axis.
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or cutting. 50. A wafer parted froma boul e including sequential wafer
material and parting material |ayers,; wherein the parting nmaterial is
nore highly absorptive of a 15 selected radiation than is thg 38t 2004
material, and wherein the wafer has been parted fromthe boule by

i npi ngerrent woe8kd sel ected radiation on said parti n?mr;i?sr“ g 51. A
devi ce- quallty (Al',Ga,In) Nwafer. 20 52. The wafer claim 51, having a

surface with an RVB roughness less than 5 Angstrons over a 10 x 10
micrometers' aréa. T8 waBr offhén dhhevingoh ovdnistion byt feend. g 18 depeeds foem of
curvature greater than | crre%f: 54. The wafer of claim51, having a flat
oriented to better atpﬁlmary 0 afl‘egrees 55. The wafer of claim51, having a
flat produced by cleaving. 55 1 3 SEP 2004 WD 01/ 68955 PCT/ US01/ 07945 56.
The wafer of claimb51, having a TTV of |ess than 20% of the average wafer

t hi ckness. 57. 4Fhe Wigfvafer effelaim 4. having at teasy PRt e rfgecand (A&is Imfan 0506 of  t he

average wafgr 5 ttyccgﬁg%g&tcdmféﬁrepa]fgaqor%ﬁftaq{al%; wigl @l m 51, having a warp of
| ess than 50 microneters waf er aim5l, having a warp of |ess

than 10 mcroneters. 60. The wafer of claim 51, further corrpr|3| ng a
m croel ectroni 98. dﬁn}:/ Iw%ﬁ:r ott clatn(‘:lttl!ﬂ-' vgherem the boule has been grown from a native seed

crystal,

10 49.  The wafer of claim 48, parted from the native seed crystal by other than slicing

( or cutting,

50. A wafer parted from a boule including sequential wafer material and parting
material layers, wherein the parting material is more highly absorptive of a

15 selected radiétidn. than is the wafer material, and wherein the wafer has been
parted from the bou}c by impingement of said sel_lected radiation on said parting

material.

51, A device-quality (Al,Ga,In) N wafer.

20
52.  The wafer of claim 51, having a surface with an RMS roughness less than 5
U Angstroms over a 10 x 10 micrometers® area.
53.  The wafer of claim 51, having a radius of curvature greater than I meter.
25

54, The wafer of claim 51, having z flat oriented to better than + 0.3 degrees,

55.  The wafer of claim 51, having a flat produced by cleaving,
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therein or thereon, 61. The wafer of claim51, wherein. the m'croel ectronic
device structure is selected 15 fromthe group consisting of g

emtting diodes, |aser diodes, ultraviolet photodetectors, @h &P e2ilon
nobi l ity transistors, bipolar transistor, heterojunction bi poI ar

transi st or,w%ygbf,«gngt h division nultiplexing conponeng§us@Rshedi gh pover
rectifiers. 20 62. A nethod of making a (Al,G,1n) N bouIS corrpr|S| ng:.
providing a native (Al,G,In) N seed crystal for the boul e, and growi ng a
(A1, Ga,In) N néteriT b weker Qﬂrféai@éédlaeing'st'fﬁhf dyesy pol’phlbesepist axfr to 25
yield said boule. §3..Jhe method of claim62, wherein said growing step is
carried out at a growt *rate in excess of 20 microneters per hour. 56 1 3
SEP 2004 WD 01/ 68955 PCT/ USQO / 07945 64. The met hod of claim 62, wherein
said growing step i.s carried out at a gn_ rate in excess of 50

i croneters per’ hou:f?e waisr ofglaim s kauige 31Ty %ﬁlFFF §?“ SYinirths #regs waley oup 111 -V
nitride material cepmhisses 5 (A, Gy, In)N. 66. The nethod of claim 62,
wherein said Goup Ill1-V nitride material conprises GaN and growth is
carried out at a tenperature in the range of from about 900 to about
1100C. 10 67 e | i & [11-V nitride

mat eri al corrpr%%esrfﬁé‘]bﬁg&gmg’rsg\/&mﬁ awa gf‘%ﬁ@'&“ oul{uc {“ete‘gterrperature in the
range of from about 950 to '

59.  The wafer of claim 51, having a warp of less than 10 micrometers.

10
( . 60.  The wafer of claim 51, further comprising a microelectronic device structure
therein or thereon.
61.  The wafer of claim 51, wherein the microelectronic device structure is selected
15 from the group consisting of light emitting diedes, laser diodes, ultraviolet

photodetectors, high electron mobility transistors, bipolar transistor,
heterojunction bipolar transistor, wavelength division multiplexing components,

and high power rectifiers.
20 62. A method of making a (A1,Ga,In) N boule, comprising:
(' providing a native (Al,Ga,In) N seed crystal for the boule; and

growing a (Al,Ga,In) N material on the seed crystal by vapor phase epitaxy, to
25 yield said boule.

63.  The method of claim 62, wherein said growing step is carried out at a growth

rate in excess of 20 micrometers per hour.
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about 1200C. 15 68. The nethod of claim62, wherein said Goup IIl-V
nitride material conprises InN and growh is carried out at(ﬂa tg erature
in the range of from about 700 to about 900C. 69  The nethod &f ©6Fa2bi462,
wherei n said vapor phase epitaxy conprises HVPE. 20 70. The nethod of claim
62, wherein,gpoMidg a Goup I11-V nitride material ondihgmpnged crystal
conprises use of a nitrogen source reagent selected fromthe group

consi sting of amoni a, hydrazi ne, am nes and pol yami nes. 25 71. The net hod
of claim 62, whéreiThegrethad alrlam G2.oulsrein said\ergyiing stgds eparicd obt agPvitthe  seed

crystal conprises aratE%tei:cgessoJf é]rlng\ﬁm%tersaemoau ogen-cont ai ni ng precursor to a
G oup Il precursor erern é e ow rate of the nit rogen- cont ai ni ng
precursor is substantially in excess of the flowrate of the Goup II1
precursor. 57 13 SEP 2004 WD Q1/ 68955 PCT/ USOI/ Q7945 72. The met hod of
claim 62, wher &n ghewietgd &f ndp Yierensaid Grryrdl-Yraitnde imaferigh fompLes seed
crystal congrises QA[,@at,linﬁw.Of flow of a nitrogen-containing precursor to a
Goup Il precursor in the range of fromabout 10 to about 1000. 5 73. The
met hod of claim62, wherein growing a G oup 111-V nitride material on the

seed crystal c ri.ses deliveri | i qui ol it on. I.ni.ng. hoth G oup
11 and G oupggppr ecliy g’%‘ir g%?a(')mgg'g‘%gﬁ% 'r‘:ig%f(%:lfpolki %%g' dgg{r%ﬁ%:l?: f"ﬁ lsgsr owt h of

the Goup I11-V ni tgaNd@d p@iviii alkricd PuiSa b eenpergmte lin the aageait frothGbaid 906The net hod
of claim62, wherein the boule during growh is retracted from sources of

respective precurs&¥®¥di®% e Group I'11-V nitride material .
10

(_ ) 67.  The method of ¢laim 62, wherein said Grouf) II-V nitride material comprises
AIN and growth is carried out at a temperature in the range of from about 950 to

about 1200°C.

15 68. The method of claim 62, wherein said Group III-V nitride material comprises
InN and growth is carried out at a temperature in the range of from about 700 to

about 200°C.

69.  The method of claim 62, wherein said vapor phase epitaxy comprises HVPE.
20 :
70.  The method of claim 62, wherein growing a Group HI-V nitride material on the
( seed crystal comprises use of a nitrogen source reagent selected from the group

consisting of ammonia, hydrazine, amines and polyamines.

25 71.  The method of claim 62, wherein growing a Group HI-V nitride material on the
seed crystal comprises 2 ratio of flow of a mitrogen-containing precursor to a
Group III precursor wherein the flow rate of the nitrogen-containing precursor

is substantially in excess of the flow rate of the Group III precursor.
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75. The nethod of claim 62, wherein the boule during growh is retracted
from sources of respective precursors for the Goup III-V nitride
material, to 15 maintain a predeterm ned distance between thd $ESW2A04
surface of the boule and said sources. 76. The nethod of claim 62, wherein
the boul e iwogilha) to a | ength. of greater than 1 m lpkto®ienss 20 77. The
nmet hod of claim 62, wherein the boule is growmn to a length of greater than
4 mllimeters. 78. The nethod of claim 62, wherein the boule is grown to a

| ength of greaf%r Thametbsl of glaim 42 Vipstingrawing @ CGropp HI-\aitpds magrial gofhey 62,
wherein the boule i : . J ; misdhEaes: def ect
density is less t hg%d%é"gt\ﬂg%) g%éteggi&n?gphg‘lé ingmgs%%w%%%ﬁ% 01/ 68955

PCT/ US01/ 07945 80. GHhg Irptetuedr iofihcadnge o i, abovit &¢ wiabout H80.boul e is grown with
a transverse dinension greater than | centinmeter. 81. The nethod of claim
62, wherein the boule is grown with a transverse cross- 5 sectional area of
at ]east 5 genyj Metres Sdnod ¥ eaimlDEwRREDQEwiAE a Ghoap M-8 AitridiereSiblvntdee boul e
conprises a lateral extremty that is larger than the seed crystal. 10 83.
The method of cl ai meed2rysaheompiises ﬂ%@erwé@dl%gyg%?n teai@inizg beth Gerdtl on

selected fromthe 1SSt o) i B S D-axXi g w.l-axi s, and
69%8%638@?@5%}5 N9 a rovﬁl’l FakDr ard éfl%&u%tmg é}o@tﬁ oF the

of fcut I ess than roma primary crystal axis.
Group 1I-V nitride material in said growth reactor.

10 74. The method of claim 62, wherein the boule during growth is retracted from

sources of respective precursors for the Group III-V nitride material,

75.  The method of claim 62, wherein the boule during growth is retracted from
sources of respective precursors for the Group III-V nitride material, to
15 maintain a predetermined distance between the growth surface of the boule and

said sources.

76,  The method of claifn_ 62, wherein the boule is grown to 2 length of greater than

1 millimeter.

20 ;

77.  The method o.f claim 62, wherein the boule is grown to a length of greater than
R RN Lo

( 4 millimeters. -

78.  The method of claim 62, wherein the boule is grown to a length of greater than

25 10 millimeters.

79.  The method of claim 62, wherein the boule is grown at least until the growth

surface defect density is less than 107 defects cm”.
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84. The nethod of claim62, wherein the seed crystal has an orientation

offcut from 15 0.5 to 10 degrees froma primary crystal axis rff\%&T&i
nmet hod of claim 62, wherein the boule growh was carried out $ t 04 ace

or (A),G,In)-face of a c-axis-oreinted seed crystal. 20 86. The net hod of
claim 62, wherein the boule is grown on a seed cryst j froma &GN
boul e. 87. YR&“¥&Phod of claim62, wherein the seed ?r?@?‘g{{%ﬁgs been
produced by an HVPE/ optical liftoff technique. 25 88. The method of claim
62, wherein they (AlTh&andin) Jf dih ed2| alherginaimn barke & gewd withr y Steadversss pr oduced
by gromh of (Al,G,In) Non a sacrificial tenplate and renoval of the
tenpl ate by a renmpvarentigtgiraehae SEPEEYEd fromthe group 59 13 SEP 2004 WO
01/ 68955 PCT/ US01/ 07945 consi sting of physical, thermal, etching,
H-fracture and enbrittlenent renoval techniques. 89. The nmethod of claim
- 62, wherein thel.G dipmethpd & gidith 62.cehereint the bawle 1§ STolT B AMARIYEISESCIes- | east one
- interlayer between the feed fcrlgagtts%le t%l@% & he nitride material. 90. The

met hod of cPai m 62 SRAE &F3Y FRES T 85ST one interl ayer is deposited by a
process selected fromthe group consisting of VPE, CVvD, PVD, MBE, MOVPE,

and HVPE or otherwi se fornmed in _or_ w.th Lh seed cr%tsét gl i 1% tgjl"s The met hod
of claim62, c&mprilssmghedfslpiZariag Bh ?“?Fﬁiﬂ?’?‘i‘s\?s? Pefirare "t e
crystal l'ine quality,or RohyieP&yeh. the Goup Il11-V nitride material during
growt h

.10 83.  The method of claim 62, wherein the seed érystal has an orientation selected
( | from the group consisting of c-axis, a-axis, m-axis, r-axis, and offcut less than

0.5 degrees from a primary crystal axis.

B4.  The method of claim 62, wherein the seed crystal has an orientation offcut from

15 0.5 to 10 degrees from a primary crystal axis.

85. The method of claim 62, wherein the boule growth was tarried out on the N-

face or (A),Ga,In)-face of a c-axis-oreinted seed crystal,

20 86. The method of claim 62, wherein the boule is g:rown on a seed crystal derived

from a GaN boule.

87.  The method of claim 62, wherein the seed crystal has been produced by an
HVPE/optical liftoff technique.
25

*88.  The method of claim 62, wherein the (Al,Ga,In} N material grown on a seed
crystal is produced by growth of (AlLGaln) N on a sacrificial template and

removal of the template by a removal technique selected from the group
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thereof. 15 92. The nethod of claim 62, further conprising doping the
(Ga,Al,In)N material wth a dopant species selected fromthe ou

consi sting of vanadium chrom um iron, arsenic, manganese, ¢gi)agﬁpﬁ 2t kel
and copper. 93. The nethod of claim62, wherein the growth of Goup IIl-V
nitride mat ¢fj@ksskss 20 carried out with in situ sourcg. heplani shment of
source conponents for the Goup Il11-V nitride material, nalntenance of
source to boule distance during growh, gromh rate of the Goup II1-V
nitride material exeetdingg MPsicahitemmheiching, H&scturoapd emBitlengAt reminal et hod of
cl ai m 93, conduct edtcé‘hglrueséuffi cient tine to growthe Goup II1-V nitride
material to a thickReed greater than 4 mllineters. 60 13 SEP 2004 WO

01168955 PCT/USQ /07945 5 95. The nmethod of claim 62, conprising in situ
parting of the boule froma non native seed. 96. The nethod of claim 62,

further conpri $Png themetirhef cimed wherif tirrove hY¥witdde mategal is grpien Yigh hod  of
claim 96, \Mger ern té@ﬁaé‘@fe@ﬁtcrla%crﬂ%ée\{ s;beﬁ é%gthl%hcpﬁe lrlipﬁe @S{bﬁa? with a wire

saw. 98. The met hod of alm96, further nprising subjecting the wafer to
a formng 10 operation selected fromthe group consisting of core

drilling, abragjive art'c%}e et exposur ire sawing, .l aser exposure, '
cheni cal mec ha%"calﬁﬁgfe}hg f’fﬁéd?‘m Gg’h 58 tﬁ%?t\lfylﬁaé%"é‘ﬁi"ﬁeé{;%éf%‘ﬁ??ﬂﬁcﬁgﬁd reactive
ion etching. 99. TheoceRtReledfrof|tBd BoBS codsidfidgher CRENUVIRI D, PMBEESSI N the
wafer to inpart a ,
MOVPE, and HVPE or otherwise formed in or with the seed crystal.
10

(_ 91.  The methed of claim 62, comprising incorporating an impurity to regulate the

crystalline quality or polytype of the Group III-V nitride material during growth

thereof.

15 92.  The method of claim' 62, further comprising doping the {Ga,Al,In)N material
with a dopant species selected from the group consisting of vanadium,

chromium, iron, arsenic, manganese, cobalt, nickel and copper.

93.  The method of ?la_il,n 62, wherein the gquth of Group II}-V nitride material is
20 carried out' Witi.’l in situ source replenishm;ﬁt ‘of source components for the
Group III-V niﬁi&e"mateﬁal, maintenance of source to boule distance during
( growth, grmivth rate of the Group LI-V njm'de material exceeding 20

micrometers per hour,

25 94, The method of claim 93, conducted for sufficient time to grow the Group III-V

‘nitride material to a thickness greater than 4 millimeters.
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15 RMS roughness of |ess than 10 Angstrons on a 10 x 10 m croneters' - area

of the wafer. 100. The nethod of claim98, further conpri Slﬂ%{w%ﬁ%
the wafer to renove subsurface damage thereof. 20 101. The | ai m
96, further conprising fabricating a mcroelectronic device structure on

the wafer. #Qdussddze method of claim 101, wherein the qusﬁ@mﬁgructure
conprises at least part 25 of a device selected fromthe group consisting
of light emtting diodes, |aser diodes, ultraviolet photodetectors, bipolar
transistors, h@eroberumdhofrEolHMyB) eamprising iosits pesting of thegftpule | feomt # om- mobi i ty

transi stors, h| gh px%ﬁ@e dectifiers, and wavel ength division mltiplexing
conponents. 3 B° 5004 WO 01/ 68955 PCT/ US01/ 07945 103. The net hod of

cl ai m 96, vvherel n the boule is sized before deriving the wafer therefrom
104. The net hod, of m 96, wherein the Goup lll1-V. nitride materi al
conpri ses Ggf\l T%G *ﬁ‘ﬁ@“cm %OB‘“B? cuPR{isitE &iving apeiRfomBabavics| ng

pol i shi ng the waf er . 106 The method of claim96, further conprising
B apping the.wafer with coarse and 10 nmedi um abrasive nedia, followed by
pol i shing with% fiThe mgbedeficlsan P dvberpin the(wpfer iFiderive bihdiding fhe bbulé With 06,

wherein the abrasive.nedia conprise at |east one abrasive material
sel ected fromthe group consisting of dianond, boron carbide, silicon

carbi de and al um na.

98.  The method of claim 96, further comprising subjecting the wafer to a forming
10 operation selected from the group consisting of core drilling, abrasive particle
( jet exposure, wire "sawing, laser exposure, -chemical mechanical polishing,

photoelectrochemical etching, and reactive ion etching.

99.  The method of claim 98, further comprising processing the wafer to impart a
15 RMS roughness of less than 10 Angsu'ofns on a 10 x 10 micrometers? area of

the wafer.

100. The method of claim 98, further comprising processing the wafer to remove

subsurface damage thereof,

20
101. The method of claim 96, further comprising fabricating a microelectronic -
( 'f device structure on the wafer. '
102, The method of claim 101, wherein the device structure comprises at least part
25 of a device selected from the group consisting of light emitting diodes, laser

diodes, ult;avité_let photodetectors, bipo[ar transistors, heterostructure bipolar
transistors, high electron mobility transistors, high power rectifiers, and

wavelength divisior multiplexing components.
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15 108. The nethod of claim 96, further conprising chem cal nechani cal
polishing the wafer with a slurry conposition selected from hﬁ Fg)u?
consisting of acidic OCM slurry conpositions and basic CWP 3l r§§/ 004
conpositions. 20 109. The nethod of claim96, further conprising reactive
ion etchi ngwatoik®sst one face of the wafer to yield gegppf@as suitable for
epitaxial growh. 110. A mcroelectronic device structure conprising a
substrate derived froma boule as in claim1, and having a device
fabricated on dfd/ oThelnl"FﬂPH@f%lE}E‘s%r‘éﬁ“’ée‘“Q’Sb‘l‘{ﬁ's sippfebefredesizing hervolir e devi ce
structure of clai mgdb.yherein the device is selected fromthe group
consisting of light emtting diodes and |asers. 62 1 3 SEP 2004 WO 01/ 68955
PCT/ US01/ 07945 112. The m croel ectroni c device structure of claim 110,
wherein the su e v d he, m croel ectroni c device
mibil mafﬁ?e B oF e 5, SRR D Py i somprits

structure of

5
105. The method of claim 96, further comprising polishing the wafer.
106.  The method of claim 96, further comprising lapbing the wafer with coarse and
, 10 medium abrasive media, followed by polishing with a fine abrasive medium.

107. The method of claim 106, wherein the abrasive media comprise at least one
abrasive material selected from the group consisting of diamond, boron carbide,
silicon carbide and alumina.

15

108. The method of clalm 96, ﬁ:rther compnsmg chermcal meechanical polishing the
wafer with a slurry composmon sclected from the group consisting of acidic

CMP slurry composmons and basic CMP sIurry compositions.

20 109. The method of claim 96, further comprising reactive ion etching at least one

face of the wafer to yield a surface suitable for epitaxial growth.

110. - A microelectronic device structure cbmprising 'a ;substrate derived from a boule
as in claim ], and having a device fabricated on and/or in the substrate,
25 N
. 111, The microelectronic device structure of cléim 110, wherein the device is

selected from the group consisting of light emitting diodes and lasers.
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112, The microelectronic device structure of claim 110, wherein the substrate has

been cleaved.

113.  The microelectronic device structure of claim 112, on free-standing material.
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