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WO 2008/127425PCT/US2007/084839 ABATEMENT OF REACTION
GASES FROM GALLIUM NITRIDE DEPOSITION FIELD OF THE
INVENTION The present invention relates to the field of

semieengugtor processing equipment and methods, and prexigeszin7mosss3e
particular, equipment and methods for the high volume manufacturing of

Group IlI-V compoun itable for
fabrication of opticl%;@%% A %ﬁubstrates for

epltaX|aI deposition, and S0 or npre et embodime the

semiconductor wafers, akdigeBdiicdi I"L, n|tr|de (GaN)
Wafeﬂ&e%ﬁﬁ@tuwﬂr@ﬁcﬂd%u\ﬁéﬁ%ﬂ@ﬂ c&s’éﬁiéﬂnl kbrycgﬁ;m@@tﬂﬂgﬁtem and
mgtti én Ortatr(])tvia d \{\t/“zldet%/lcu g’dese{mcondu%%’e{po G Jh V] p i
hitrides in artlcu AV Witie UiHeeE BaR gaps, w Make fhéWF
mpzufictiany mfﬁfutuﬁdﬂfébcmaﬂmgubptmmmﬁp@newﬁe(tp a]nutaﬂaslyt&ﬂtofdsr
fdté‘t?c\é%lﬁﬂ%@ﬁn% Q@%&%ﬁ%%&ﬁﬁ&%ﬁt tai*& EL%CHQQ!)‘%&RU] RO %llnttcﬁ(ldl dery 0~itt10ﬁ

articularly, high-temperature/high-power transistors). Grou
“FF deehabe e raMAGBI AR Husg o HavEspare ety v stag &opmducing
GRAMNICONGUEIQERIRRILILS: Howevek theilcammersiiuse bas Reade (GaN)
sftébstantlally hindered by 70the lack of readily available single crystal
tbstrates. It is a practical impossibility to grow bulk single crystal
substrates of the Group IlI- nltrlde compounds uslng traditional methods,
such as CzochralskiBydriciaRgradBrip i dare IBfdgeRiaior float zone,
that bayg heep yaﬁgotgtdqtﬂetrsssw&mqt RIS PHA S TION QF s
The reason for this is the high binding energy of the Ga-N bond which

Grsguits HH e dhipeaTion, hahwét TABRTH BB CHe atathiodshbre predasly

usMﬁIYdﬂ ighriessussRNdipmPRatalies (2600 hand aARRaIPI eSS MRk ers) and
ol q[ttcred to achieve melttid GaN WhlJe various hl%& pressure techniques

U0 R YA BRI R R PSR HES T o

ave bedh mvastigatet
only Vesyssmalllirregidar lorystats. Kﬁa@eﬁ@etaﬂed\ﬂahaﬁ@paﬁn@laﬂﬁ(ﬂdvamageous

qn&%@&ﬁ%@?ﬁ%&% ackgf.a.native sigls EEFX]%‘iads%L{%%?@éﬁ Qﬂ? L”l%rg ?‘E%d by

the dlfflcu?% in making 30epitaxial Group 111-nit ayers wit
thysrkitesahly dediphiie B ficdranlsgptieal properts sNmnerEbibiffitutmse v

bullasigen-halinaliityeto Make Ry e- @@Md%tth@&tﬁ@Let&t@ta@lyﬁtiﬂttynt@tmds
sucSEI é%%gj deiylces Atho h attempts to proguce semiconduc GVE‘ i
grdtie CERFBEY AR AE I AEITTHE 64y 1008 heT (AR StTes fyaem used for
otmmkmnuﬂmmtawdtmetwhem ta bréakireoghis were dev}egt)peddfﬁg energy
of%ﬁ%td’t{%% GQSd%% @WEPWB%&%&&I@ Qllt\l r&qloptlme rpfru g)f r%xh\‘ftvcl)‘]sl&}gtc

led to acceptable growth of Group 1D-nitride layers on"sapp ire.
pr %@8/1‘2%&25@6??@@20@?/@8%@11@@é%tﬂ@tﬁ@tt@@@%remr%m uired to

2cPEQEaSS 1R aphieve Brcepiall e BryRe GANdURHItLs I SPePtINRS ated, they are
technologlcTI advancefEthe defect density in Group llI-nitride layers is still

ERREMERPRILH PLEEY D FHRS IO YiSIoRaloREIRHE tRE B tyse Dents e o'

MeoRduEtivitiz ie risas High as in other semiconductors. Despite these
l'mltﬂgngcﬁg?g%é?ﬁ v%%%g%g gwsta 9 & )stt%tgllf(:tlga!t yr%%lfgdtlgp ’EQ(]; difficuity in making

epitaxial Group IH-nitride iayers with low defect densitics and desirable electrical and optical

properties. A farther difficulty has been the inability to make p-type GaN with sufficient
conductivity for use in practical devices. Although attempts to produce semiconductor grade
GaN began at least in the early 1970s, no usable progress was made until the late 1990°s when
two breakthroughs were developed. The first was the use of low temperature GaN and AIN

buffer layers which led to acceptable growth of Group Hl-nitride lavers on sapphire. The
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5111-nitride epitaxial films suitable for LEDs (see, e.g., Nakamura et al, 2nd
ed. 2000. The Blue Laser Diode, Springer-Verlag, Berlin). The high
defect density is a result of growth on a non-native substrate. Sapphire is
e zmestwidely used substrate, followed by silicon carbide Riffesences4ss
the lattice constant, thermal coefficient of expansion and crystal structure

sep&%w&f@ytm%éuémmf%@%@4@@_@%&@9&@&%&5{%@%&%&%M’gg. M spite

density of defects, stress and cracking of the lll-nitride films or the
of dpipssticHen AU AHGIS PP RARE T 48741 Very it res M trairiospbextremely
higﬂ&{dg%o mggpﬁﬁg) f@ﬂdiﬂa@ﬁ%@) mﬁrfm@g@ﬁsﬁuﬁ{&d_&mzy ;s §b@a§éﬂb§_¥r@t§§othcr
can roduced in hoth conductive and hi resistive forms, butis .
R BT e SH S B 0 BN SV B T Sifapoducion o
Hiehamdst ersi(typiCatly S0niie kbdidMeterwith. P&0mmuand 200mea d$00, The Blue
I aq(g,r@gggg%ﬁg% ) Lhis s @eﬁgﬂtrast to sapphire and native substrates for

other semiconductors siich as'GaAs and silicon, which are available at
loweF EoBARE s rAtRAYdrgecthimbeery (1o mimdiaistarfoiagappimipbire is the
mSQANNfQEG AR rare, MG HE MG PESBRRNITS BRBICI AGSuitAlIgfRkan:
hsome de)éice apPIicqtiqns, the high dpfect density associated with lll-nitride !
RSO MRTOR tHESE ML HtBS  AHL Y S RGH FRlHeTiME T IGs ep oAy
anflltitsidstlasdediodedigtedof partiutdrcnienest hetausetheir shoterride films
wave ﬂ%m rmit ich highe ir]form_a ion density.in optical recording
o e SRR
copsHitrRrapfightmess theDsliidhcaretrequired for replacement of
incargeseent.and fuaressanthulng rinaly.Roup H-nividematerals, vu: is
have desirable properties for high frequency, high power electronic, }
THAVRES BHFTSH CHHIMERERTZ AHORTGT B Helica kadAve tEctimenlin 50mm
dipart-bedaus@ahsubsi@teinitationssikiekighThefadh density ieagstare and
naROPLRSHOIMAnee and reliabiity ssuce Inelsctionic devices, The low .,
conductivity of sapphire makes it Unsuitablé for s Wit hlgh power
lodevesswhsravithsivital thabetatlél tdrembye dieabirompths aitivedvie As).
regiappThesmall digmeier.and pigh. coshnl RICSHPSAIRS. A6 Bhns, the high

commercially usable'in the electronic device market, where 30larger
detfsl iR uiy eS(EBMMP A O SIS YT BBttt oWt ebst iRyl she
lifstibstratesr diodés langeinuebseofiiethedstiavechreminvesiigated t@ir shorter
w S BAHEE M ACTREL ARSI SRRl LOATHES SN RORABINE 11 i
SIbaEREEY hfortunately the Stecassiul methoae are a1S0 cUmbersome™
expvt e Xips nshve dandidnddenlievendifrsost is idt ahtobjelotr Bnboemddns which
ardi %&%‘ﬁr&%é%@xﬁ%ﬁk@&ﬁ&'&%%@ﬁﬁ@!&%&EQE‘&Y%&“ é%a).iy’,%&p [l-nitride

technique the substrate is partially masked and the IlI-nitride layer is .
MGG o GroPIA IR GOEP R ERK “The B AR FifREvaIctHe irpidr
cohas-a:gheathnretueedisistecationdensitsiHaweaventhe-epitaxiakiimanations.

the open regions still has the same high dislocation density as achieved .
R SR ISSUAIBOT ADUAN TP AL SRS Geey gt oovess
Thwhm@m}mm Igf@mﬂyim@memegt@ijs foeete '\Efttﬂfljmghte;medlmme where it
is dlislqcation densify, ang.san,pefform;nultiple. ELQ steps. It is; %‘ﬁ%%&a&nd high

this is a very expensive and time consuming process, and in the en
cop S RICY R HEP: REHOEIEBS elib strats Tvills 6RO BiFetiyiae fafket. where
largislosation densitypand somerateaswith-high-dislecation density: subsHhs.

mos%ﬁpccessfgla roach, to date to reducing efefct gensiges iS to grow,
very IR TAJRREY tRE HEARE Rialohar BELSLSe W SSRERBRE are st
in griented perfecty parailebviithsthengrowthdirection]yabgnawtts fioceds; are
s3emealihe disiocaupns.meeh andanaiuiate. sash, ANGr FOLINS B8 mon

effective one needs to grow layers on the order of 300 to 1000pm. T
WHEVENtGE BT R TB I FHRN 16 e tnadayer s HBrRogbnbeusdiass e
substrate. The difficulty is finding a gréwth chemistry and associated
equipment that can practically achieve these layer thicknesses. MOVPE
or MBE techniques have growth rates on the order of less than 1 to about
5 pm/hour and thus are too slow, even for many of the elo techniques
discussed above, which require several to tens of microns of growth. The

only growth technique that has successfully achieved high growth rates is
hvAdride vannor nhace anitavyy (H\/PE) In crimmaryv the cirirrent ctate nf



Advantageously, the exhaust gases are heated to sufficiently avoid

condensation to facilitate sustained high volume manufacture of the

semiconductor material. In this method, the gaseous Group Il precursor

can be continuously provided at a mass flow of 50g Group IlI

element/hour for at least 48 hours. The exhaust gases are generally
subsemeveshhy pumpiagdhemifrom-theitedstion chambeénoTdievnathathmayr the
masflyrth%&%gwaﬁg thermally qgétmggmg@%eiga t,geﬁsatms@&m@nuhy

‘F

oxide soli nables the Group Il ids to ecovere
HogBuSEIE ST Fe-rETH G bR 8 TS QA e o
as asfagved mprsecomactinsutie: atﬁenhﬁaﬁ@ddmm@@@reiafaﬁwg%lgé@wm@ avhere
adja%@mtigﬂéimlm&%i%%%\gﬁfh’s%éﬁﬁ GrompHbroxitee the dislpratamattnsity, one
can 0GP %ﬁ% ﬁﬁ GARaRen: (5% A ryiégggaé ﬂqga @'agv%m%@moa%a&ae
0 roup |

nocryst nitride 1s provided. Also, a preferre gaseous

congBf IPFpieturdth 18 e ANGABEISEL ANt S8 RS oM Slfing Tth some
areagalfilow Groouptosermigonaut tormatesiatigdrigidsthoaivendtheise

reagtpiisArewembinesha-saenesstallineigalliymeniti dersermicond ueter very
thmm%terllsalolls if? gl%?%de aglﬁim %Q%SS%%X 5“5%‘0%:%0? J?"Q%%tct())r?ﬁ?quthgrfecﬂy
gteon cham er 10 reduce or prevent eposmon of the Grou

pal%}@cwrgb%rgfea@wm/maaa@m@r@afﬁ%ﬁaﬁ@é g |H+?g‘€?‘8ﬁ%i%‘fﬁ1@‘?ﬁh@’d
annbsfarecndinidpanEerishiequited: fhdiantagenusly (thereaktyors cmatimberder of
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asec o fthe |nvent|on re i |s rovided a system
the Su a% deposfi{) ésm%%%’ ry §[a0nW % rPfla %Séﬁ”ﬁ%gn%e%%) ment that

can rrméﬂ@a iwm@w%@rﬁb?ﬁ‘eéaa%o%@@ﬁﬁ%r&%&ﬁﬂ*ﬁre@‘uﬁ\éf&ﬁo?eﬁ%%%ﬁé%
grovaactasd,a shereeeofoGrasphidcompanentfomusemsiahdihe nreastatypansen

for %ﬁﬁp%?r‘t}@@ngeEJ&MEQQ&VHJQCHE%[?@9«5@@%9&[?@@&9%@59&5‘1 the tens of
semlc?nduct rrgalegrlal Whl|e ner exhauz?lt gases a

micgic f6F e 4tin 08%&% b aete%apera U SFBRE Lﬂv\y ] high

growgoraee iddyrsiss Gaet ujé‘“!éer@la@é@ éHNcE’@ﬁsatlon thereof and enhance
manufagiuraef the semiaonductorineaiarial produdihg feacticivchambigoup 11

nitlBEYgRPGFAlYINEdE B éatgl%ha&dv% Khahst &%ﬁy'tﬁ%@wm%n@wpg

gases, Including unreacted recursor, unreacted Group, V
Prog B B YRR 0RO i SHETIE o CHLHRER B e
of Hisatingptiewice ismandingats for hBwtimgessat oltisnEpY explaust CoRtuto Hiese
d1sat@vaﬁarga%ﬁcspﬁ&ﬁi@mamwayammm@lenga&amﬁ beexhaustigasesd to new,
iSSR0, R RS 2190 FABGIARE JamEuRl A QRRIPLIEMAYING the
aust ases from the reaction chamber. This exhaust'gas removal
deV|ce typically comprlses a pump that is operatlvely associated with the
exhaust conduit.  STiid ¥y ; Sd R T

contrpHing ey fafs,m@mﬂeqhaéﬂb@ﬁ Aﬁ:ﬁ@esra@@ﬁm chasihed for
epltélxp Claclllé/ I(t)’ISCtlug}egf %nglonocﬁ %.W?ésﬁ}}hgv gﬁerr@lqéjrg Ig ?dgg@?rﬁla}/ena 1, which

comp I'I S an enclosure w IS operat wassomate with one or more

COWQHé%FW&HF&ﬁ%@’Bﬂ“ﬁ# e BRI S B &PIREVERT Ger AR EF T ERE With an
amgeactitn harnbefiwall(s) natucetorspreviént deposition of thaiGrobpner to

fen@raﬁy{aﬁaﬁ&M@@@}q&a%p%%thera@ﬁda paeyédﬁmmﬂgefn@a@f@dingoup i1

time before ma nance,is re Ure system m(ﬁ%fur % t th
el eNE R SRS SIS ot LIEBIEIRLUI s v

exhaypia e esss %mmemffﬁ@f%uﬁfl betwgide §3MdSOTHT8KSRtate Teibvdry Brduce

corthesetsolitisr¢hEasysteimmray furtfaerniconiphisecar sonibiver faretontacting
the pb@\;ggagd@égg@}rqgge&maust gases with a solution. Also, a filter can
be provided for recovering the Group Il oxide solids for recycling and
formation of additional Group Il precursor. The reaction chamber
typically comprises a rotatable support for holding one or more substrates
upon which the monocrystalline semitonductor material is to be deposited
thereon. The reaction chamber can also includes entry apertures for
introducing the reactants into the reaction chamber in a controlled manner
so as to facilitate formation and deposition of the monocrystalline
semiconductor material upon the substrate(s). The reaction chamber is

generally made of quartz. Further aspects and details and alternate
combinatinne of the alemente nf thic invention will hbe annareant from the




different figures. WO 2008/127425PCT/US2007/084839 DETAIL
DESCRIPTION OF THE PREFERRED EMBODIMENTS This
invention provides equipment and methods for high growth rate and high
volume manufacturing of Groupcompound semiconductor wafers not
hitherto possible. The equipment is capable of sustained production in that

gaRVerpeHeds ef Wﬁﬁ%&@ﬂﬁ@lﬁﬂ%&i@éﬁ%ﬁ'}ofb doesiaat ﬁ%@gﬁé’dbﬁﬁh% lume
maqm/é{@t&% %P%ﬂ%e@é’x%%nﬁﬂao‘?q rrglearllt 'S[n %ﬁ?b!%‘e(l}fx hdghhthrou mp u{}r()ldp i

production in that at least a wafer (or a batc ofwa ers) can rod
P"%%S% rtt% ?8%?‘?%‘?3 ?ﬁ@f%%a fiﬂ“%%@ﬁ?’iﬁ&ﬁ%%@hﬁ’%ﬁ‘é@é%ﬁ%@% for
at lgaspiddwees are suitable for fabrication of optical and electronic

COmtihmelﬂf&,ubrg&ﬂéﬁﬁ’ﬂ%&ﬁ@faﬁ&%@h%@&@@ﬁﬁ@ﬁmﬂﬁbﬁlnﬂ«ﬁ% ABekaction

chaﬁgseicomy%ﬂmﬁ;ﬁ5@'@@9&%&%%&%&9@@r&@%@% tﬁﬁf} ases 1o
o, €9HIPM em and, meth re as |f|0ﬁ |rec ng Ga it
warers’ and SUch*em odlmen %%85% 't‘?fe%dﬁsréa?ﬁéﬁﬁ? for

recHeldsi i formatioe e @%r@ﬁ%\ﬂt}%rwea@fé@hodm ﬁbilt%etfw@frsﬁ@d may
corfipnitingdh@dnventionhdtmill beappresiateththaisthespréfemadiution to facilitate

recB0RPOEIMRNts SN NE@dily. be adapted to producing wafers of other Group

Il ni i nitride, indium nitride, and mixed. 15
i A B A R A e sppen: s
abﬁ&%‘ﬁmﬁf&%aea%aﬁfu& NHEEBSiREY dﬁ?odﬁ&iwﬁ{?éb%’dwwsﬁfé@ 1
pregiijgafers ¢f anlliofthednpywsimpoutdisemivondustonriare withimth&roup V
sensicopéuofathisrimesiations prolhisdnventiaancamdie paiicualy sosteffastive 2

moﬁ&&%ﬁ‘ﬂsﬂ@’gh@}ﬂﬁﬁ ﬁmﬁ%dé&}ﬁ%ﬁ&?é%o?%‘?& %%9' é}gm% ifying equipment
tion of 20Si. Thereby,

already commercially.available for epi

focu%éﬂgan%:a (()?n”tqﬁé HEHIENES 'gﬁﬂsl%ﬁﬁﬂy}é%gtﬂ § AFACHEPetAIRPrnOrtaftes or
preysaNdepRER) WHI® GSpe s Fe RIfsHr s i fonetiom & YPreurie therg whichvide a
longee welfalieyelopedifiosiicodtechnalogyreainde maivtaingdomso, thereaction

cha@%&pﬂk@rﬁmébléd'&V%M%iﬁq@%ﬁ'%ﬁe%@lﬁé}’&xﬁdsi@”'f'Ca“t duty cycle so
thatﬂ; |§C vfﬁ]ll hvqu e.manuf turln Iso the invention

rowdes or V|rtu S%ﬁ(m ney in e use g réx%’eeﬁes“ep{éw‘ged a system

for FgRiiah ﬁpaﬁa*%f’é@yemw%% %@@%H&a‘dawmé%u ATl which
congiirsforeaxbaos et foomlitheresactiofcchamberrequiptaents withhdimoifa@roup vV
congj@watinier needednAlro rtheriny entve Pioees sianthaPRARIUS IR e Bk tants

for SEQARIMILARYSE BEGARIBRHIRALS- mateJﬂ%HY@%%ﬁQrf #%‘f’fﬁﬂsﬁ}éﬁ%g &hd a

n low th% mal mpss susccptor (su bstrate ho
catin Gﬁé‘a‘th 60 degrees

bsahmt% e A A LS D F‘é&g?g?mglf‘staﬁ?grﬁ%‘é”o‘f
Cei%ﬁéﬁﬁﬁ%lﬁ?e%@é@@ﬁ@@gyﬂt@iﬁﬁ)éluﬁnﬁ tf@mslém@fm@s@@ééb@osmqn@ucmr
matiagak the reactor walls. The lamp heating system is equipped with a control
SyStens P@a@ﬁﬁ%%h@ﬁ%éﬁ%ﬁ%@{eﬁlﬁnm@bt% @m&s $§£9¥Mﬂ“@6mﬁiﬁ for
;cm'mﬁ %%ﬁ%&&t ncoupled with the lamp %ea“”%?ySt grmit very aﬁét \
mperature c anges. both tp, and down. Temperatire famp ratas ard e
COT‘%H%’%&E &chmend@@e@égféééam ﬁﬁdﬁﬂfér@e&g@wlm@&mé%mwg device
is aegasdsfoedmating WO RHOSHLD ZARSRCTHISL00 A1 0848308ture sufficient to

prevent condensation of the exhaust gases therein. The system also can include a
removal device for removing the exhaust gases from the reaction chamber, This exhaust
gas removal device typically comprises a pump that is operatively associated with the
exhaust conduit.

The system can also include an external device for controlling temperature of the
reaction chamber. As the reaction chamber typically includes one or more walls, the
external



The invention includes reactor walls that are controlled to a specific
temperature to minimize undesired gas phase reactions and prevent
deposition on the walls. The lack of wall deposition permits straightforward
use of in-situ monitoring for growth rate, stress and other pertinent growth
parameters. The invention includes one or more external sources for
devigresenoapyldmpréssrabesioTHe IbicloithecabED s peatidoris effeetipore
fansf:ﬂﬂté%aﬂa@y%aﬂﬁl?a%oms@ga%stﬁqw nteolleroIhere ismRenkactical dmhber

on the size of the external Group Ill source. Group Ill source containers
walkahi e R T ARG B SO ISITD 15 BOGKY PaHY RS YRS ESh BRI cts
therBOKId peyManifalded igaeias iomneraTirs witchinghetweequaentainers with

no down time. For 10the deposition of GaN, tge Ga re\cﬁljrso[)is ?aCIB. i

This Bas58iG R &b HEEF O RIRE G sBrRSHEAL ST e el WgH2!1Y

destarGhishin e sufficiently AanvrviscanitystAleviduting ghySicdlaiieanseeogery of

bubbling a carrier gas through liquid GaCb, can provide a sufficient
g ABPRBh HCEY CAC LA e WA oo SAatoEd SHCha Lol
destamtadsedsity: tates ivishpreférted.tehpe rafirescef tangeof &l toad0€Ering the
15The invention includes, equipment for maintaini .
o o
equipmentciorflowingea t}miﬂﬁdit}fe@bam@Wteof@a@hiﬂ@ugwméqﬁdiﬂai@aeﬂ? or
mor%n%l%%!}\é%gng the Gadh varorigihe easier- This.cauiepmenhsaraustail ve
high mass f|O\BS of GaCl3 cm the rarige of 200 to 400 g/hour) that result in
depcaiRidéissention ratiss ISaFOasGerBIro0a® 40t UIRFHIEP of'Bie ABOMIGS for
invdiRmelensubsikalas ohann2ommberahsmaller walsredhat fibetheso as to

susceptor. The delivery system from the GaCl3 contaiper is maintained
R\ o SPEIHE (B SETARE DRSS RS UHRG SAEABI BT thdnaiE A gipon
the SRR dAVGBHIONLRIsQ dnel demaR Melmanifold steudtyiethat keeps the

Group llIl and Group ases separate until the depositiopn zone and alsq. , .
oroUAIARES FBEFGCHRS) SEHGu I 2SR e DA o g ey Bie o
invélepesitian zenesghasmachioringha wiifermictiowrefprocessigaskswing thetailed
d re.a%:tion c(mlmber anfd acrass meegs%sg%@tt% srl{p%?rtinng the substrates.
ST SR SL GES ol TS Uedigned 16 Be substantially uniform in both flow
velocity (therefore, non-turbulent) and chemical composition (therefore, a

uniform [IT/V r&IYEIN RFHERTF S R4 Yeifebltyed by

‘ it By
providi ' [ . Il :
O S B0 0 NP AN oo
detpdadtoeseriicn adhibvetsitrehitabndimenprefdhe arempoHINsEH tHdustrative
exa@%@@ﬂsﬁ%fﬁ%ﬁ%%’%§ Gradesigneshand eiingtRyenesalingoasich:

lows according to principles of fluid dynamics.  The invention also
incllised alhwatss 1o aaa EalYgy 18 ERIE T BERRYRB: Group IIT or Group
V infets toenhance-he seasion eficiensyetthese precursors. In a
preferred 7 WO 2008/127425PCT/US2007/084839 embodiment, this
wouitgihcide WnEtioPrshehrar et SRBEStoN of the dimer form of the
Gropf|H preaunsiesBGapfeltrido-theftnonomer BaGherlpoariothepmeferred
Mo D Ao hidsice 2 ellg (o decompasition.of 4
amrhbnia Prelitdst, Yo 3&5%3&8%3}’ therma gécomposﬁon or’palasma.
5ThE: inveiitiemaads odnoiudies! bguipritentfor actoamated wferrharding.
Includiog, fly aHamalic sARSeUR: GRS RiR PR Y, AeRAAIR £09MAaring on
stages, loa oc?<s, non-contact Wa?er handlers, all of which are fully
difieompligereontrolled and interfaced to the overall growth program.
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The invention also includes temperature control of the reactor inlet and
outlet flanges 10and the exhaust system and a specially designed
pressure regulating valve that can operate at reduced pressure and high
temperatires. Temperature control in these areas preventsgrematisre) gase
phase reactions and minimizes deposits of GaN as well as various

reactiorbAg 4G ISR oS EN TS

temperatre of the entire exnaust dow

to préVBrit CIRErsave cINPRCY s Trbpdeidiehiso vribitdesrg high volume
moRgPargRt.gaie yalvevasateadenssittiandhe valvaomatssial andithe The

side walls of thie reactor and to reduce gas recirculation and reduce
SO G HIRTR D P B GARESI HHE PEABIF OV T REMO AR SE bR SR
proéiafisnafdhaninvestionbnchudecthe usenabha siseedtor thabaanthold;ene: of high-
phere wafers during one, How h run and a.suseeptor. d_L_\_si ned to prevent
e B S B R ey one
o fhe presenthinteptioH isYbmset o trantiscdvdey thdspeifiduratalhaligele for

fa ISHhav & e HRAUe.GBRICaPERSHIES raNd IRt WRB AT deposition
coupled with an apparatus designed in light of these properties, the

and S BIRSHETEHP B QS BH B HEBBERAEK layers of Group I1I-V compound
semiconditcief spandinparticutangatsamunitride odith-heretofarey directed to
unachievable 25high-throughput, high uptime and low cost in 3 manner. .
R A R e
d%ﬁ@ﬁ@@-nﬁﬁmf@@twﬁf@ PorHy/Nvisharadterizéd sy diighathiioughpl; invention.
1t figh P wa%@%9&%@}4@&%&%@&Hm&%b%ﬂ%é@ﬁgpﬂe JrUEDPHL ducing

means the number of wafers/hour that can be processed. Precursor
Wl RIRDRTENE At ik e $rat BRSO tHE At AR B dHassStem
algoesHitathenpradust-andds et wastad:iAdthaugh dhererBialRkgRides and
a}_r]l{mt_g;er Apcfcvla&]ig les Ia%so%gteg with dth [natefrria._l, process gnd st}g%tﬂﬁv
ﬁﬁl\}ﬂﬁ‘depoé’ltlo ratBs’ rgl%gé fom Oanrolﬁcn(as's‘ﬁagcﬁr%u“ba' flefeient (suec as
cogaktiun pperchodicforsaperiddrohatteasbd §iboursytor1 00 g Group 111

elemant pRE AU {01 & %H&%Qxflga%%?@ltf&ggc%gause particular embodiments can
20118/127425PCMS2007/084839 hours, to 200 g Group HI element per

bepglicfdrty prddeing stsuBe Rt SideRoRISECIANCRYAE B0 s Ao Blegsition of

sillirelempentper haw:for apauedef aideast ot ARMBISRF SQPEEaNt to GaN
ca gc'&'% can ratnggirftr_%r? 2Kg 1o 60 K in Qne vessel and for inﬁ:r asledi di

PO PIGITIE Ve SEATs Sali Bk SpapaiRaTH SaHae PRI R AT Sigvfgaeioped in

siliGroupnatedal tmdughputstbat ateosiikauipithose’ Sabtainetbinisiietmed to

hafRANAAGILLE. EQuipmEn) H&'ﬂ%ﬁ@%g%%ﬁ’é‘l??hﬁ% C%Mnefrﬁ@ﬁa%@ﬁﬁg%};g%& the

_ Substrate is in the reactor compared to a given time period, suc _
YRS, IERY AT AT MBBLET INE tisfEsiespeiit Prodacing prodcPad vppesedns and
red@BRE HPGEAMRIAtEN . SleaningBEMAlHenanse U antialive FaRraes Mk ton
h;h se measures are available for mature eﬁii” n semiconductor processing
“h4h 8Eﬁ%‘&iﬁ&%}?tfrﬁghel&ﬂfbﬁigﬁ‘f“ﬁﬁ11§aﬁ%ﬁ r RIVIVITST BYEp fIRO Tt al is
apendhe iordekehaboutr 7k 4018586 Guhiehussimilar to that of silicon epitaxial
depasitian aatipmete. o Reagiotulizaienizhg perod oL ime duing.

which growth of the material on the substrate is occurring in the reactor.
hoiEgH dBmERNGRBIMVPE ieEptsTsrtRnvalins iswirtveBrddhetaoablasphieatng

peMviilaon & HYMLeaGiRnRueh as:Hhose disclosesihierainothisValbeis @hwalls.

The lamp heating system is equipped with a control system to permit very fast power changes

to the lamps. The low thermal mass susceptor coupled with the lamp heating system permit
very fast temperature changes, both up and down. Temperature ramp rates are in the range of

2-10 degrees/second and preferably on the order of 4-7 degrees/second.
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15the order of 65 to 70%. Growth utilization is the overhead time in the
reactor, meaning that it is the time during which growth is occurring in the
reactor after a substrate is provided therein. For conventional HVPE
veactogathis value is on the order of 65 to 70%, while for a RN I RactREss0
such as those disclosed herein, this value is on the order of 95% to close

to 10?@‘11&&%{2‘:908%? (jgd%?%hgé[t orf \Qaﬁi“ﬁlo Qarx%acrc])lflx@o 'fu(ﬁlpogagga%%i ic It_c[‘%cgature io

present invention addresses the main limitations of the current

MiBERAR MG PICER pREvEERIGANGSIhresrrahdfaetiimgrThisweldorgdipck of wall

ddieRlasing:the curemtddXRE sl SAUce SeRerRlign WithaRextemakng other
soqurce and replacing the current HVPE high thermal mass hot wall reactor

PSNITTY BN HheHHigIFiT5Ss reactor with temperature controlled walls. The

use dianrexteimalsourseeliminates thennpadite:stoptRratiuction fe:charge).

h tly increasi ent utilization. Furthe nore,
THERL

th eé)nass[f lux o"%h?ﬁﬁx g%ﬁ?@éﬁ@%%?roﬁ“&p r?réf;bﬁ/yd%ygntref’ec{n fonic mass
copgplieonirestiers rospritietts th limprovidd sonticheftiergriowthpibcesscan@roup 111

solRrayg.vield cIhs-lawHbermalmass reactosawith tenaneratire, controlied, o

walls greatly reduces the time required for heating and cooling, both

oYl O BESBheTARMPaRAN & T HBzING 16 TNy Redt s esE ths- For

thsubssraienals O permitsthe wsesef MUHE femipeaiurrpracessese MRIChaF ations
no practically possible in the. curreﬂl HYPE hot wall system. The ahility t

and dist ov%ﬁleqt CiF a 15 1R 1cientl OW VlSCDHL?/ state, 1o UP 8 Y\,lc&
control wa tempera ure reduces gas A58 TE4ttoNS and altn

m e sletely Blimirnatesiwalhk dépositsl Elidiratiornof watl dleposditsigreathporation

ri0GFRARAS A fime-hetweencleaning.|aading; #ﬂ&%f&@ﬁ (0L MUIZANO0R e
WO 2008/127425PCT/US2007/084839 he present invention Is

CHREAHEA thEPEEhR e iah fetal halide compounds can be used as an

exteral isottaerforchvREfepasitien afHNneompound seraicaneyeiors erature
gnd can prorld{e |n con4unct|on Wéth sp eC|f|c QJ]ver eqmpm t detailed
arl oW V1S

NS ihvention, & Suthcienthy high FASS itk 58 SHIPHaTRIRRigH 828

IS inven
th@@@bﬁkﬂ@mmﬁté@@h Ia:@@hveasgﬁba@mﬂﬂavaydnmtheeﬁadoﬁéhu iyifipgnent can

su%fﬂ%@ﬂ%a@%%ﬁC%X@ta&ﬁ %969%@'5%%8% &J@veﬁ)ﬁalrmﬁa%ﬁf gp GaN

bubbling with a carrier gas throuﬂgh liquid GacCl:,, can provide a sufficient

depoaifiondtich iPale sFreach Mg tHaH@AT!S aR sumEYBe Hiamsthchbtyow: any

miviseosihalate wiitlemparatiesinadange ahoutrrpiaximately130G;.Cl,
Furthermore thlsAnventlon IS ased on the fact that GaCl3, in the lig UId

COMAISE 1S RY T HRE GAE i 3 B (SRS R B RS SR BB St %@f&%ﬂ of the

Gcéﬁtually a dimer. The chemlcal formula for the dimer can he written either

as (GaClR)a, 05 GARGIR i add 'i‘i&?c’fwﬁ%&%%%%&%'z%t%%t‘i!&'OrO&%"@r i 21@ ud

also be used as a Ga precursor. These compounds are si tilar to
Crgu Wi er repratin gron 8o f snevd Tl asmsdrorexamte @ method for achieving

nigheRoshieregallaps-nas:the tipdkridde fk atamsdeplace.by i atams. cﬁﬁu 0cess

shown below, the 15terminal Ga-bonded atoms can also be replaced b
R e A B P RSO R 1S ORI R CE BRI o
prdde3s Pukivetal (Esnorgl ©herub3@n{l:091)ndi220, iﬂﬁﬁﬁtﬁbm{yeﬂﬁdhﬁ{dimﬁbrc non-

wAREIRARRS WL LAFLERASING SNIAHORHRY, of e FRrmiReL &8 Rondedy 2
embodiment, this is realized by providing separate primary inlet ports for the Group 111 and
Group V gases that provide uniform distribution of gas across the width of the reactor, and to
achieve high uniformity. In preferred embodiments, the manifold and port structures are
designed and refined by modeling gas flows according to principles of fluid dynamics.

The invention also includes a method to add energy to either or both the Group IH or

Group V iniets to enhance the reaction efficiency of these precursors. In a preferred
7
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kcal/mol per Cl substitution and increases by 6-8 kcal/mol with each ClI
substitution for a bridging H atom. Thus as the number of substituted CI
atoms decreases, the fraction of the 20monomer, at a given temperature,
wouldglecrense. The growth of In- and Al-containing compeunas@anshese
achieved using substantially similar equipment but with the limitation that

SR SAUIGRS AR AL @ageéﬁib(h‘éﬁ%%qh%%&gag i%@éﬁéa&%%ﬁéﬂ%%%h@%'&soﬁgg%m of the

583C. While the present invention descti r GaCl; may be mo to
Guperbieurtesnperatiivesaboveds8Be, thiSlis praotidalty qlitecdiffiduldiimt, this

allamaies WQ .2008/127425PC1/US2007/084839 approach is to heat th
WIna.; to a tem pergltu're1 b%%\l}\l/p t%qéhﬁwne?ﬁ%gc Sgﬁrrrlltoghat %#e%ofhgj \rlg}f)%r?]j © E) {ermal
desPaRREds GUftisieat to achieve acceptable deposition rates. AICI3

sublimes al448C.80d 64 a4l B RRY A AlRd WNEPIEREM JNVRANSR, fully

described for GaCl3 can be modified to operate at higher than
B pFE i e arRr B e BBTHEL Y BB 88 th oot pemEeTact wafe:
hahAlG8 «Additibnally. théaltenpate approdeh-deserbec-ahoue foeinCidwin
rlaggtiﬁ_@g below the melting point to achieve a sufficiently high vapor
pressure, will also work. AIC13 also forms a dimer (AIC13) 2 in the liquid
phaséhaneyiihe Pasiphade sriow temperatireSthanotifer mainnd outlet flanges

arPOmRanRent of dhils Hﬁﬁe&%léﬁéd%mﬁ W&mﬁﬁﬁﬁ%){al—w ElQWary operate at

10thermal mass reactor with temperature controlled walls greatly reduces
THEHTE YREURSEPISR FESRME 4R CSBINTRBSIRBRhG Growercanarevents
pronainienaneiast hes adilityaie! rapicly,beairantk coal e sWRStHAtR A% reaction
ermits the use of multi-temperature processes, which are not practically -
R TR e HOPE TGl et FREPEBINY B Rl horees
dqwaﬁ?t@nme”r@mmcresdé@e@gaé_ephageeveamimﬁszamﬁba_lnfdﬁﬁﬁdmpletely
e"m'@ﬁ'«é‘?ﬁv\é{ﬁlbg%RB%H%E&L”&'Qa?élﬂﬁ}gd]g%ﬂlh%ﬁ’,&’?&ﬁ}9&%@})%1{10&%‘?%?@%5&}%

the time between cleaning, leading to high reactor utilization. /
mitERhAIhisE 98 WeHtedBeByaaRIngPd Ry eraRna BRIy @Rl eesftopegpidence
tirfiy SRR, dautd miis dgweantion the wall temperature is controlled to a specific

temperature. The current hot wall systems are heated by being enclosed

in a RTRRSE TR RE. gﬁ%dt]tclé?*ﬁ’?éhnﬁﬁ/“ﬁ?é%od]blﬁ‘ijéf i b
holtteeated Theiesare mamye waysiowchiéve thisrincldding-2 Qlapmprent

Lheating, ipﬁggﬂg&@t@qg@ﬂe(gﬁJ%%%fﬁh%ﬁ@%%ﬁ?%ﬂ&gﬂ@&?mbodiment, the
i ctor chamber constructed from quartz and a

system consists of a reactor c
subslrste rsater eofstichesrd Py apHirsoTre Graphiteis hetatéalisy rampaunds

haOf dhe:puisigle: ohtheauadzeraastiond The auarts isRAtQEWaNSpparatus designed in
light of these properties, the combination can be used to deposit thick layers of Group -V
compound semiconductors, and in particular gailium nitride, with heretofore unachievable
high throughput, high uptime and low cost in a manner characteristic of high volume
manufacturing.

For this invention, "high volume manufacturing” (or HVM} is characterized by high
throughput, high precursor efficiency and high equipment utilization. Throughput means the
number of wafers/hour that can be processed. Precursor efficiency means that a farge fraction
of the material input to the system goes into the product and is not wasted. Although there are
a large number of variables associated with the material, process and structure, HVM
deposition rates range from around 50 g Group III element (such as gallium) per hour for a

pertod of at least 48 howurs, to 100 g Group IIT element per hour for a period of at least 100

8
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can be controlled using a variety of methods. In most cases the wall
temperature control system consists of one or more methods to measure
the wall temperature in a variety of locations, combined with a feedback
wysteny toradjust either cooling or heating input to the wall regipm{oo7/084839
maintain the temperature at a preset value. In another embodiment the

ol A RSTRIR mcaniallad Ay fpns, IRl Rlow-ainonio s, eXteriof of P.. 500
reactor walls for coofng The w cﬁltemp rature IS not constralne to be

oS stdrear Al thaexiitrs bomperatoracoritrbies campetprégiansmeelites capacity

cavaby $hertemper aluiele ackievedmpryed Rerformanee el 30duIng can be
growth or maintenance. Although the focus of the following descrlptlon is

OI’ﬁFﬁi’r‘? Al B prerersd SRS ks ot PPN G AII TR (S RRT to those
olwaifedSnitiidhbe appfirectated that the equipment and methods described
can be readily f?qazf’ ed b msgh%fr%%{g% J‘% skl i the, a@;t%? ARG tgc ctor
wafers' o any o ecompoun SemicondUctors are Within the scope of
copperidn 2 W@lz@@8@2?@2@@@@/@%@@07/@%3”%3@@?@%%1@@0h g Nmi

p@%ﬁ@ﬁ@d@%@@ﬁbm@dﬁﬁ%ﬁﬁ mﬁﬂmﬁ%ﬂt'ﬁeaﬁgﬁ\g‘%x’%ﬁa&’f@%uanmatwc
thI‘OLrquhOU'[ for clarity only and without intended limitation Also the

TafRGR MTdA T SHANE B Gt kP Io [ Bigr B sier PRt rRe sy Bresanpe
icomatesgthahiscecopnaniosltaeentir udt dnd operation. Rreferead on the order of
epts of the inventi e5econom|c reahzed/constructed
Skl At e AR e S
and Kegotmelerliy avHitableodr silivod(Sik e@t@lxgmwfpcpédtmmﬁsai on the
gumvﬁm@%@&]&%mmg%ém tedinderiake A EvReNsiVG AN LN e is on the

consuming process of designing and constructing all components for GaN
ordeisisttion Bquipsnier o i G ateron e, Lersdirrdasdigrtivs gl is on
th&alkdepasitionsequipment of the invention can be more 10rapidly and

econioamlc%l%{eallzed/%g truFCdgl tlmakln%tar%eted and Ilmnied

174100 18 %(DVGI C 111 8 reactor, meaninge that it is t 6 time
modifications t6 existing Si processing production proven eqlipmen

duallgngbadbiesrch modifiethexisiingeequiprient shiowener, the iinvhticimakso
coﬁo&%@m@@wm&@ GROSTMEION, (he &&&%ﬁ&%ﬁ@e @Hﬁwi}&ga HVM reactor

description is first directed to the generally preferred features to b
sufbicBriberatdscinte daEting St Burdient it ARt Jrod iR sbie ﬁéé@ﬂreg fheglose to
th@aT A&ﬂed@@nﬁd&mmoﬁrm@@essmg are not described in details as they

are vsﬁ)lll known.in the art I dlfferient empodlments ifferent o%e;V P%ﬁ

Pty e Ut R A G e
witelepibadirhehtsdhmplementigualh ghéﬁ&sfeaiwrebv Irh@&uemrmf@mmgmteﬁ‘\/PE in-
Mtl?%ﬁli%@&%g éﬂ?&uﬁ'%‘e&l%?&é 1H‘TCQ 59? a ‘a?Eln %%t{:g{'i ?—N‘l@%ﬁq & althcrma

features are a vantageous an ey INCIU cas ette to Cassette (0] ng,
MR IOTRS IERAUM hEte m Stedn2DREFeTcrAPINHG (Wit Sapasarsreelbihyails. The

u«@tﬁg@ whichpllows fast ioadi @E@%@Qd%ﬁ loadingRnLRrRCassIRGIR WaleFsors,

ile the other one is cooling. The loadlocks eliminate undesirable
B RETRR UP S R 1B B ISRere B TR LS RS UCtiBn Bt BigEA" is
coaimal wbteruapoy andgreatly maduﬂevpmgeéﬂﬂakedame;qlgefomgmmwtgmtml of the
gl&d%w@e@zgghan g;g@cgfenanﬂ ing redugces yield 1oss 9@&%1‘9 breakage i

from manu wafers. In some cases a ernou I wa IS use

wags wﬁ?@@lﬂé@%@élmmréhuam\ﬁ@ hetioaanigrerienarotiing e erowth and

mdRMpAIAtUIS as g 8s. Q@Q@ﬂ%&?y&lqw sealing ﬂg&%crmlts%%f multi-
embodiments of the preferred features of this invention arc first described

TR THEEORERE St a GERRHE VP ET8FTEIN MW bECOME Hpparenthbi Hilse

wganefélhcea:hbm;dtmmma}mbalnauﬂmefymdaadeabta;whawafaﬁmeumaﬂysz

co%}ﬁ% 91 I%In%i'n%%g% e(gu(g rE r-lr-lbr? ‘§69 fo%l%vglpgedes r%gtn Ilsny;‘]g n}cs the time

rected to a particular re%erre embodiment of thiS Invention and of its

bejsyede sleanfeatinekng st hchbasedopntdmetofthe EPSILON(r) series of
single-wafer epitaxial reactors available from ASM America. Inc. (Phoenix,
AZ). It is apparent, however, that the invention is not limited to this
particular preferred embodiment. As another example



WO 2008/127425PCT/LTS2007/084839 the inventions could easily be
adapted to the CENTURA(r) series of AMAT (Santa Clara, CA).
Preferred embodiments of the equipment and methods of the invention
Eorproateyag GaN wafers) are described in general with referepemiadsigss
1. Particular preferred 5embodiments arc then described in more detailed
with ref rall ipme iS4 ion i
oS A B e e AR R o
UspAl Y STOTF SIS etEs AndT8E foretbpp Mo cerstivetbivarabheiatond can
prGRNERAL EMBRRIMENTS QRITEE INVENTIQM 1QFarsanvenience and

‘ \éﬂthout limitation, the invention is generally described with reference to
SURIGR I PETHIE R tHFee BT SBLy RIS, LSS L REF BrO VbR g s I
5  papiocess:gases:(ed)iGuids); subsyfieims! includiagi@. sse@ctignreliamibers
and subsystems 5, for waste abatement .+ vAs hpted above, FWM s .. .
P S e s AL S g i
evimEIEivTgrtheog &1iéTic feathreSideseripeerherdin suTEXTERNATISOUREG at
te @GS 2 rantRQIRIEHHE hihafifShsubsysiams dReRNEAGeSSigRS: based on

subsystem, especially the gallium compound vapor source, is an .
Mo Hah P dtur® BF IHE TR RABWACURF A ETPoRELES D I0% 8P RBW 00°C
10 is beieflyydeserthe ThoSaNMBIE fepttayfeamplises syrthesiziag-GaNadireety: ), or
2 t(he surface of a heated substrate from precursor gases containing
nitrdgen (N) and gallium (Ga) (and, optionally, one or more other Group ill
metahcorisinirg Gasesrietndierl toofgriangsizen abitridesseth ek egtionesyr one These

coRIpMALE dRRARTS 1 REQVIe SPGBl slraniGLORAMEHYEY LidRE For example

Ga-containing gas is usually galliu.m monochloride (GaCl}tﬁor gallium
MeARAGHTEEAEACH I E GalkGhSrgRNCRBMPSUNALEY. A BT §aiftine
15 teifhing X nrisnmathyhgalivesi B epidecthe fisheaseatheRrocess isdefaedrion
to.as HYPE (Halide \apor Br re Epitaxy and in t d as.MOVPE..
S A e s o e
0f@a©h7@s_tm'm@am .&@timmmpl@mtm@ pEGu nertMatﬂ_G“&@i vapbriye -2
kosYAeRIZer.n St 8108 RREIQA VESS8l £ OmdN RSN T Chovariangat

containing 30liquid Ga. In contrast, GaC13 is a stable solid at ambient
DrggifioASTin THe HhsBh BB B TNRI SHIFETHANICH TossrRRMBIN Stpltaehpn of the
26 m&eaed quasizampades.eachwitliabowt 100 g or so. TMG and TEG are
volatile liquids. The N-containing gas is usually ammonia (NH3), and
semiconductor quality NH3 is,ﬁa\/%i.)l"able in{_§tandard cylinders.
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The growth of In- and Al-confaining compounds can be achieved using substantiaily
similar equipment but with the limitation that these sources are not as easily kept in a liquid
25 state. InCls melts at 583°C. While the present invention described for GaCls may be modified

to operate at temperatures above 583°C, this is practically quite difficult. An alternate
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WO 2008/127425PCT/US20071084839 Alternately plasma-activated
N2, e.g., containing N ions or radicals, can be used as the N-containing
gas. Molecular N2 is substantially unreactivc with GaC13 or Gad 1 even at
Wwighopgacess temperatures. Nitrogen radicals can be preparedrinesros4s39
manner known in the art, in general, by providing energy to split a nitrogen
aPRIRAYISL RLEXAIRE, Q%%&qik@%%ﬁe%%ﬁ%%m S9EBUING 9. the vapor
generate an electromagnetically induced plasma. When operating in this
Privote [ RePrees (reshithe awartidareiaiyreterced. Of the known VPE
processessMREYR andGad AV Ebaveleen foundiohedesmvention
Volume Manufacturing of Group 111 nitride

desirable for sustained, hj ,
LA SO FOCES MRS RIS fo MEect A P A PESbF e
terhPemtbecause dchievabledfdeposiionvaiemrate ake @ssithanble«of tecribed
4 “1 qr Enifg i : l_III\I/UPEi’l & Sle-s” Forgxampl 'H\*{’PEr ressure
B e oSS AT TR S g s
Wi devated @rettyiplieily 1ebsehanleh Windbe [Seidatds Gad it pgphase at
loless-ghesirale because this process requires that a supply of liquid Ga be
present in the reaction chamber in order to form GaC1 by reaction with
HO. {UHARCHEBIP SUTRPIAL The RTHRY CUER S EUBpIp-drisHdendiesa ihulow
théormi that nemains teactiyerwitle HGtaind thakisrsufficientiorhighyolymed for
nufacturing is difficult. - Therefore. equipment of the i ve_nti ' .
e s s PR e At AR Reatand con
thophisraiy ie canalsdprovide ol NOOY BuisrPegssdepdsifionofd pferically
polaygrsand thedikariAawever, i &G Q%%ME? = f&)rngj(qml\é%%m?cmpcramre

manufacturing 20requires a source of GaC13 vapor that achievesa™
redificRanPHE T A Ra ABES MR WRHBHEHsH Gt (e kbepaepn of
wallaferldadingitinieading indheseackion chamber:faia sufficientaerioghizaton.
Preferably, an average sustained deposition rate is in the.range of 1 to
1000 UnNGLF G R Bor WA S AL DRV SH Aty 5 g
SYﬁmwwim%pMFwéfewﬁyere'qﬂiir@smtﬁm@ri@ tharcdng ortwodipursigferature. The
cuftepanitionitine dor evan.thisk Gal Jayers. 254 ghigying %ﬁ&&&@&&ﬁ only
deposition rate requires that the source provide a mass flow of GaCl3 -
S HTSHEE ABHISE APHIORTTATENF 2585 IO VRBTIEY PODSHMEiHAH Spgiuding
larbiprhthigle|ayerob e add BRIBprisRS AROM.BRRr aXITRIahH 56180t @R WRilen consists
or$acI3 isigbm%ﬂ 40% G _yfyvei%r}t}.E Eurf{he’r,bs\ugp%tlgw ratecan . . bi
Brcterably Be maintained Tor A SUMEiEt ddratei s6 et SFBadetigh erephite
Thingeeniptionseregline o yechibrgelservidetheusourcecare llinitechta atanostvalls
cu0® RREINIERIOF MALE RrefRiaRlY oRe.ALIRBNL e BLIME IR I WERIR,

Accordingly, it is preferred that the flow rate can be maintained for at least
Sy SRRSO BATCRELT RRITMSI VARSI ARV FEREISK H6F Ht Ieasietoe]
loc2fidH0 0N ROOd onB50rieIBR0 Waters 0L BRtcRasB LN P UCH:ASIUE e

_hot known in the prior art. WO 2008/127425PCT/US2007/084839
A ﬁ‘é%%ﬁ%‘rﬁ%%%%‘ﬁh%tfm}’é“‘ﬁﬁ&%ﬁ@ PHOVILES s CHC SBURE fRaNRRoMEs 2!
tenproblemssincondeletooa dine Ve prefersed flovhratesand titirations: Aehieiing
codiffferiad flaw iairsnas Rash HIRJRIRGIN. e RASt Y EoHAINRINEIER ocrarure

properties of GaCl3. First, at ambient conditions, GaC43 is a So
COREMEF Cah S TOERBYNERA Y By SUlipatoRIHoWavaE it Warrdeerperformance cither
dudelesmined thal:eatds sublimation rates are inadequate for providing
econd, GaCl3 melts at about 78C,

vapor at preferred mass flow rates. Sec m _ _ ‘

OB O )& J2BPAHB TR AL LA g g odi s
forowewieg, ghhaisnalgo Baé€ndeterttined thitevaporatien fategacguipment and
methods described can be readily adapted by one of average skill in the art to also produce

wafers of any of the III-V compound semiconductors are within the scope of this invention.
11
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inadequate for providing preferred mass flow rates. Further, typical
physical means for increasing rate of evaporation, e.g., agitation,

bubbling, and the like, do not increase 10evaporation rate sufficiently
wecause:@aCl3 liquid is known to be relatively viscous. POhat 1607084839
needed is a form of liquid GaC13 of sufﬁciently lower viscosity, and it has

Apc%$ar9g9§%fyc%d f&é%?%%%ﬁ%ﬂ@ ”F ng; gétem%t %Pe%d?%m%%e'xcd

d espe lly at about apprOX| ate y 130C or above

throahas s ghny RWerRASEduY Sterdeditimatvissosity similar to, e.g., that
of wates, Aadiuither sthasbeenahserves andodiaroverach thalhLINEIS wafers

Iower viscosity state, routlng physical means are capable of effectl éaéy
gL R TRE A RS ATIE AVERS Qi RRG A6 Prodiitethe rsrtreion can be
ccmass fholy Iffﬁlﬁ@ﬁid/conmaﬁﬂhﬂgk%lﬂ‘l%@)@ﬁiﬁﬁw&ﬁstﬁfﬂtmsﬂmﬁﬁﬁ)ﬁt that has
maintains a reser v0|r of liquid GaCl.r wit e T| con oI ed .
e B e S T Sale el s
InEFABration rarec Stk Physioaimeansrean inehudenagitatentivg tiepsieks of

deSRiav o/ Qthedigidiiflow cayrigs.gas repidiy oMeh e ligkich-hubblg carriery

gas through the liquid; ultrasonically disperse the liquid; and the like. in
fﬂﬁ&fﬂﬁaﬁﬁ%ﬁ&%@@ﬁ@&%ﬂ%&éﬂ R BBOIHEP AT Thereaiber s catp more
rapigliyl &mdSC@rohhz?cmﬁmahyoa.rcamgﬁlmemtﬁakn{g/vﬁrmtthaﬁmhf@d@kbaiﬂimt&mc; to
RS LI AR & G B SRR 1005 B ARaRE Ol

providi )é the pr ferred mass I6’w 5'6F GACI3® Preféired ¢on |gu?}é ions
cqpitNeNG ACH: 28 s uroe ¢rdve ierensudnotab surfate aregrintsroportion to

their yolymein ofder iR Achiave. hetier temperature fe&&{iégcﬁﬁn%%?@fgﬂgd

elements outside of the reservoir. For example, the illustrated Ga

eyt R APRRTAAEF W & HEIGRCIHALIE BT dRIdPAD prgroaten s thes that can
bediamelefdros Gashdhis avowdddaecAred rldcﬂz:?@l@d@@ﬁd%@% w}&ﬂﬁﬁh@ﬂ1@ﬁfﬂért

least 48 hours, to 250, er hourf ra eriod of at | ast rs, to, 500
I P b T S S SO B PG4 Fo0mi Rty
thcpen higurfor e pernivel of atleastnantomtiementip r@bt\hese ée@a@l | Feource, for

mg}%@@&la gﬁh&ﬁgﬁéﬁrfﬁ&fkﬂ%daggu@g%gwﬁé@ ”n%@!‘&%rgbéh%@&&@cq are

supplied in individual 100 g ampoules. Such an amount would b

X pRSRHSBR ORRY i%cibdﬁﬁﬁﬁﬁ‘fi?tg’s@éﬁﬂ?rﬁ&‘?%téﬁaéé‘ﬁf&élﬁ%fuﬁbféﬁéﬂﬁ‘ﬁéted
wadurthenaspastehihe.Galthicaures afthis dventionislargr Gatddng and

ity. T the high-th hpu Is of this WO
SR e e TR
exsva@%fsbumectsxpnefmlamydnmmummwdﬁahargfrmgysamadbwmrezapor
an§QMRY ??13909%&%R@ﬂg%&?yb%fo%%%% R8E ﬁ%@ﬂ!%‘é’é&%t‘é@%% PRGIC e duces

moisture. The GaC13 charge, the source, and the GaC13 supply lines™
vigktiepnentrae T PretstardiomoR to wwHIer HEaEHoF D EpEtirg BhaRemoul]

wiRioughaub geals of varous.embodiments: mlﬁlwﬁmwedmaw%ﬁwm@ as
capable of holding at least about 25 kg of GaCl3, or at least about 35 kg,

higly %5t 18A st AHOIEHE PEKGLHE-an upper limit determined by
req uirementsobsizeand weighirinvies:ofth afadf\éaﬁ-tza@@@aqfcpﬂsiii@ﬂm@d in

'16 co 1%6 ro ameC!:%Sc CE letg%tqttgeﬂ aCtIon Chgirerh rgrflexrred bodigents
men e Ga source can alBeF een a n& ib(ayl( Fn $

caﬁmgalmef&abgd bepaienlaboutGOrandy 70/ M@Httvﬁll dyetcr@ahzetdlmat The
folip&ERd %fh LORR SR URRES L IQ.he ARG, Of-the GAt ROV EFS AR ention

than the logistics of its
and of its preferred features that is based on one of the EPSHLON® series of single-wafer

epitaxial reactors available from ASM America, Inc. (Phoenix, AZ). It is apparent. however,

that the invention is not limited to this particular preferred embodiment. As another example

12
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construction and use. Furthermore, multiple sources of GaC13 could be
set up through a manifold to permit switching from one source to another
with no reactor downtime. The empty source could then be removed while
wWe x@actois operating and replaced with a new full source pd SAVSrihes s so
aspect of the GaCT; source of this invention is careful temperature control
th@mb&%psoéxdie%%ﬁg%%%gpﬁlg@ RORLGERAE AR £EAELLoN CAMBRL, TNG jara,
temperature of the GaCl3 supply lines and associated mass flow sensors,
C‘&Jntrollers, and the like preferably increase gradually from T2 at the exit

frorrcli Rhgcsed r@afmﬂﬁe;{% gﬁm&g&i}qﬂr@ﬁim@%l&ﬂr{&ﬁﬁ% incéqaﬁ&ﬁ;}(@nq&%yﬁmducmg
condensation, of the GaCl2, vapor in the supply. lines and the like.
O S B A AR Bl ot MR RGEBY so
cn!rﬁghimtmmlaeyt}nmgd’rﬁschamagexmallﬁm@i’mateﬁhls:(aﬂdceﬁhéﬁgmeﬁé{i a@);,m@,, the
H}&%ﬁ%@ﬁh@ lines,and; chamber éﬂ'c?éiz%lcgbo{ﬁ ]_So‘?%'iéf %Bﬁl%‘é%%ﬁ a%%%“}’n% of

Uq(; amber, for gaskets, O-rings, and the like. Currently, sealing materials™
PRSP Crepostire tpicrad alrarie fspromid eorrimerembekeneraien.
semiconductor industry generally cannot withstand temperatures greater
than about 160C.Thefafere, thaddinventioningludes:seasing the
temqprature;_of the G Cl?ésupfply lines and then heating or coolingﬁ _
lines 85 HECEUSARY (Generair, “CoRtShity e SEp ol RRe tindseratireyy ™
reRocthatdhiessupplylinecEimpetatirestincraase {orsatiteast o novdecrease)s
200 BRI IR oM G, SRUIER. N3 ALETelaPl L dbout

ly.a
byvstems 5 for wast
approximately 130C, up to a maximum at the reaction C%aﬁbe}qih et(,)r waste

by s preferably about approximately 145 to 155C (or other
30temperaturedhatis sefely helawthe Digh.ismpsraltvefoleranee Ofeatures of

0-rings or other sealing materials). To better realize the necessary
D SEr ARG I R e T SRS 901 ile between the source
apparatus and the reaction chamber inlet should be short, preferably less
« tHarEaboet approximaaielyg ACft3 or 2 ft. or 3 ft. The pressure over the GaCl3
SOUrge IS ol a.pressure control system 17. WO . i
008 o RO G IR SR st el g et
coBparEd BIRPiSIHSntion isprecisdadntof Bty @HE1 Fhax infoth& PE processes
arChambersiniashubblesgmbodi Q}ﬁt@;eytQ@n%ﬂ&@sﬂ%ggﬁmgt@ﬁ%ﬁ%lﬂﬁ(}n the
] %%pendent on the temperature of the GaC13, the pressure over the *
SUERE AT THE RO B 58 Retis BaBtieertHpdtigh tho SaE3 i e (Ga)
(amhagsifioxiof GhaCldeaninpingiplieibe-contoladbyany fdhese form mixed
niPBRMEIELe, BRI MPadImeNt 2 0 canial Me.nass fub DY {9 i
the Tlow of a cartier gas by controfier 24" REttRely-availabla gas UV the
Gacomipositior: sensond suehias adieddent;s éndthetike Mincanibe dséG461s), or a
gal@i@ﬂlg %QW&QDU@@&@%@%@%I@ %m@%-%%&x@—gdilf&gqyﬁp%l the

second, into the reaction chamber. In addition, the pressure over the
frS G 3 SatvER e A e Ean e8It BY & 5rukstireeditronsySee 1 gl ace
secondhe rgatiet of theal Obubider afdie pressurpiaartrol system, e.g. a back
pressure regulator, allows for contral of the over pressure in the source '
ContEIncl Bl SRS ConATIar PSS CUBT RBHSH W e e Gacl
Vamﬁlfmbl'etﬂiQéﬁmémémhmapﬁ@pt@smcbmebﬂiqmsatg 10 thecartiertgastaining
ligfastitates an.imprgyed defermination.of reshrsal floysales Optionallys the

container also includes an insulating outer portion. 15It is desirable that
MOETHATBFAIS GEBERTR S Cd B SEUrde U thenmadassadippiihlivest Aptiger so.
TMbeitlernanifold:sicuciures mmeantactwith GaCl3.areichigring regigtantng
" Fl.g(gnml?ct%kc%gwtgﬁpts_, a ,nicglel-.batse%a loy such as Hastelloy, or
S At S b Erh Al B S o R BISIEHEY B urther corrosion
resistance for metal components can be provided through a protective
corrosion resistant coating. Such coatings can comprise silicon carbide,
boron 20nitride, boron carbide, alumihtim nitride and in a preferred
embodiment the metal components can be coated with a fused silica layer
or a bonded amorphous silicon layer, for example SILTEK(r) and
SILCOSTEELCR) (commercially available from Restek Corporation) has
been demonstrated to provide increased corrosion resistance against

oxidizing environments. For
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non-metal components, chlorine resistant polymeric materials (either
carbon or silicone 25polymers) are preferred In view of the above, a
preferred GaC13 source capable of holding preferred amounts of GaC13
isgeferred 46 herein as acting "continuously" in that, in an apRroptaie /wsssse
embodiment, the source can deliver its contained GaC13 without

interryption. %[g\{ga[_g%g‘%eﬁngd amounts for the.recited time durations. It .
should be un%(ce}j}stood, owever. t %t na 16%?ﬁcul‘§?§8érran%%a iment, the the

NregefeireramBer!cor sthdr icsrpenenborrepireseiih Sty (56t eem behigh

pl@@cﬁpf&ﬁﬁéﬁﬁgc@f ﬁ@t‘%@@_ﬂﬁﬁ@?&%(ﬂﬁt{%|§r%{§r&?ﬁ%rmﬁgye§ﬁm in the art, in
intermittent chamber maintenance, e.g., c eanln% and so forth, is required.

SR Nt aLE S B HEHE Lo UEE S S ATy R ald Bieibnad tohavigs source
totheidestrehamauntsaof thelprecursorcinaly unintedrvpted mannept@ating in this

miggiligate high. vol ,mga%goglf%agcﬁ%%?%&g&group HI-V product. Thus, WO
t

2008/127425PCDU e source is capable of providing
theséaholpre WitkEuthessing fd Be Shund dwh ot Biiehwisédistontinudd Less

ddargplenishment, of e/ sRHENBRUISQlring o IS LA G AChEKed gither
MI%/ ;yowdmg sauff|C|entIy large quantities of the solid precursor in a single
LSS dir! oSt By FroGitn g bl e R Sire i aitd thairirssgachicvable
ddptogathencOheoirsesarskilied aftisan woldshuaderstand Matinay PE processes,
riPaNeldlessvstem, ons reservolr,can be operatad jo pravide the gaseous,
precurgor while orne or more other reservoIrs are being re[ﬁ enistied With
MMl recapso timiadiatsatantatithisire heimsdafaltlibié o ptéd systerhlc

pesinge dibar no.alfect-anidhe, Qpgs %Imﬁﬁit@ 2 £%%§ﬁ%@-eﬂ% SUED reaction chamber in

embodiments, the GaC13 source is also referred to herein as acting
g HRAB0SH Th M St aHE R SRS Chn bt kseRSOLDddAtA MR EREA S Hithauply of
liqefilingn egeningacleaningseplenishingros.ihes preeedure: dingnwhich.
th urce isiﬂ% f]}dltly functional. In other words, the source does not by
ate

e.sS
ManifaCcturing is. ST . " )
itselt'necessi interruption of GaN deposition Also, as described, a

preferbett @a@ﬂ@ismm@fdan contain Gatid:inyalsingié reSefloil VAISdpahigh
voﬂiﬁﬁeﬁﬁﬁ%&%wﬁﬁg.c%bﬁkﬁlkﬂ%e UIRIC FERQINOIES: @A%C%,D‘Sfo%P@%tCae?ggw& of

outlets 15which are manifolded so that GaC13 vapor can bé delivered
bufigiaes A iptd ke s&HBFEcn We Qi Siice:oF YT papaiesh rrireonewiag ing
refpothsambecinenis Bre:phianrefanedde asa inglewweukGRal BRNefert@daincd

embodiments, the eltgltji ment of try's invqnti n can also provide for sources

r
W ferraption {o¥cept for waler loading/unlo: JEvTNE : :

I S A b R S ANV o CHSRE Ca e
suferformethd-GhreikarniplenMREY D carilee dgeditonege, idepbsitdiin Gan o
1096 ﬁﬁ%@h‘-ﬁ%’ d}%&iﬁ%r i %Q%QE?IEmﬁg%%%@WJE’e @X&»@a‘%@@éﬁ%ﬁaﬂ“&?—%’ itiple

nitrides, and so forth. Additiona B ocess gases can be routinely suppiied
WA KriOWH $A thenare. than one or two hours of deposition time for even thick GaN layers.
Achieving such a preferred deposition rate requires that the source provide a mass flow of
GaCl; vapor at about approximately 250 or 300 g/hour (a 200 mm circular 300 um thick layer
of GaN comprises about approximately 56 g of Ga while GaCls is about 40% Ga by weight).
Further, such a flow rate can preferably be maintained for a sufficient duration so that
production interruptions required to recharge/service the source are limited to at most one per
week, or more preferably one at least every two to four weeks. Accordingly, it is preferred
that the flow rate can be maintained for at least 50 wafers {or batches of multiple wafers), and

preferably for at least 100, or 150, or 200, or 250 to 300 wafers or batches or more. Such a

source 1§ not known in the prior art.
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The group V precursor is a gas containing one or more Group V atoms.
Examples of such gases include NH3, AsH3 and PH3. For the growth of
GaN, NH3 is typically used because it can provide sufficient incorporation
whMastypical growth temperatures. Ammonia and other N prepursorss3Eess
external sources For example, semiconductor grade NH3 is readily
ava!lq‘mee}ﬂi%%(?%ﬁkge%rﬂfe}{ﬁgg BPO%E@S% égglc%g%rcgﬁcﬁ% (’,'71%03{6% nroblems in
available as cryogenic liquids or'as gases, also in containers of various
ordfFéQ Appre P GTtHed Slgu s Berpgetmenr bistitrslsalpyeriey frigy has been
hisgatollens. 21sapgd dif}@dlikgh)m@]g%ﬁéi’ﬁ@smf 9@#}@@% = m@nﬁgﬁ&?pe%%@&i%s,
this invention can also provide for sources of other Group llI chlorides. 30
Ga&ﬁz’éﬁ\t‘% EEOMETRY PS5 ot UL rEHEEY BelnBiny the
deteactorisbibsystémslane prefesably-adaptationsofconingrcialy avatablel mass
ﬁJ@@E{&r %’C%%SGQA%@@QJE Jteel%%%%r§gp& f‘enr %d f&rc%glqﬁzég‘ %%r}o%%gg RCevmoration
lu tihe te bed:

this invention includé as-is most or all of t atures to be next descri

fropp gl feRture &0y Ol 200871 2742 5PC T7eISROTTI084 8§89 thaver Bsayrates are

msleterminsd tehaniselicfarbiMM of Galldayers,with the medifications and
. en‘hancerr)‘ents disclosed herein, Although the following description is
mﬁﬁ%“&?@d%éﬁ%‘f&“‘i%{’é‘}%‘bdﬁe?ﬁ@aﬂﬁ%&Hgﬁ%’xi@%ﬁ‘%ﬂ’éﬁpﬁ%ﬁ’g EESTs
evapdagactar sysiemsigandesprpoiseihludticanciide thetarbeyoaserihed

featiian, IednyPiion nclyies boiledesionind and.emogibing xsting.
equment an ( esigning and‘(}a‘brlca INg new equipment. Sﬁ%e Invention
beghseb ineladendtiisaasutrigae eapmieatat abouGeamevalipaistefe¥Pdd, redctiprrially at

abGhapbershave hasizopialprecessigas flaw and aig.shareddnai e wih a

.approximately box-like or hemi-s{ghere like configuration with leésser
Vigrtidal tifielisions BRPhTEatEr ABAZBMET difieriSiheberaideiteresg ot that
in fosizonial teagtiondOcbambets stalimpaktant daHoHRHRAraduelivi g the
Jeactor time and achieving HVM of gquality GaN afers. e 3. Low
G lali_'ﬁaﬂ}l%?_ﬂf\))lﬁggs %gl((ﬂ:%%ﬁo llgbt?fgm%ﬁﬁfﬁﬁﬁoﬁi%g? time spent

ram mngambntém Peraiire aﬁtetdmﬁddm@imglﬁ@wmm@smdstimeiﬁpﬁmid GaCls
wiPARBIG-dewBiemReaul, after . deRoStioRymLISNAL AU IV, AR

should be limited or minimized. Therefore, preferred reactors and heatlryg
for IR SRS tharshabHtesBsrecnpiryde aBEaIb hrelguid; spray
thaidakdy fland:therlgwentheytbermat masses: the: mererafaradhAne liquid;
referred such regctor is heated with infrared (IR) heating lamps and has
R e Tt TOCHAAS e S A or L A e o
bubldatedrbydowerilongitudiciat 20 IRNampgs: 27 andupperdransiarsedRin the art

hdPPS B9--LUaTtZis a-preterred chamber wall material; sjnge it iisslcap able of

sufficiently IR tranSparent, sufficiently Clresistant, and sufficiently
IS EEEHy P et OSED PO OP TEMPERA TURE CONERBILLON the GaCls
sotedd AMB R MM LT AN ELANGESoportion to their valume in order to achieve
better temperature control using heating clements outside of the reservoir. For exampie, the
illustrated GaCls source is cylindrical with a height that is considerably greater thun the
diameter. For GaCls, this would be around 120 g per hour for & period of at least 48 hours, to
250 g per hour for a period of at least 100 hours, to 500 g per hour for a period of at least one
week, to as high as 750 to 1000 g per hour for a period of at teast & month.

Moreover, a GaClz source capable of the preferred flow rate and duration cannot rely

on GaCla supplied in individual 100 g ampoules. Such an amount would be sufficient for only
15 fo 45 minutes of uninterrupted deposition. Therefore, a further aspect of the GaCls source

of this invention is large GaClz capacity. To achieve the high-throughput goals of this
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Time spent cleaning reaction chamber interiors is also not productive and
also should 75be limited or minimized. During GaN deposition processes,
precursors, products, or byproducts can deposit or condense on interior

wallseSuck:edeposition or condensation can be significantly beited:e67/084830
abated by controlling the temperature of the chamber walls generally by

infORING AN, lo,An inter Fg%i e temperatyre that is spfficiently highto
lﬂprevent corider;’fgtllon of rlecglgjreg@sbgﬁr(? I)E} o lﬂ%@l Eﬁq‘tl ﬁ?at%‘é’t%ﬁéié%% y o

1S [t s vieRtrEeae d30 fberradercant Gepositisacorr el 2 reobessrs

mbsaddn GaCTHV RERroaessescondense:at-nelgwabaut £040,886; & oisure
Iﬂ_gjgnmpal byproduct, NH4CI, condenses only below about 140C; and GaN

S TSTOIT MGt PP LD tetR ST AT Bcedsinny) Wbl sBH e ments, the
nGhamberwalisare conirolied o deimperatueTosthatlis prefarably: betweaeBout
00C., which has nd to be sufficiently high to significantly limit . .
> 805 0 s o Aot g R O

andOp8Lhp T4PsP CTYKPeu708 4839 Whick: hassbetn foakdetorbeimity to the
redHifigianthylow ta sigrificantiy, imikzal:degasition.on. chamher wWatts: Aout 50

preferred temperature range for the chamber walls is 250 to 350C. ,
ang bk i e coritreleta g e 8 erer iy rdgtiiteRedsdiirng that there is
ncchanpgtivialis iidibenghitR dfransparentochamber malls. arsnevedheless
cJISRIEEL 0.5 dearee by heat ptansierred, fiom.fhe high temperature,

susceptor. Fig. 1 illstrates a pretérred cooling arrangement in Which
mypielion phambed2Bis Fousert irva falicomptntial shroud b adehcooknglar

cnipditgsted hqual, the shroud ang.overand.ateied. e %@épg&ht@ﬂh a new

_ reaction chamber. Wan temperatures can be measured by infrared
fulvirdkietry and cooling air flow can be adjusted accordingly. For example,

a mullifspeedgra vatirbircpeed fanfoifansheanbe:konrevgeeandcontrol of

controlled by sensors sensitive to.chamber wall temperatures. 5. LOAD
TR CRSGETTE o CASSEATTE e ltarEseing dHEIOAEg T
sujg @I_ﬁ’s@ﬂﬁ(ﬁllp @d@iﬁﬁv_@.ﬂﬂﬁsﬂwgwmb@mmmﬂ@h{ Mith@iw mﬂﬁmbﬁjﬁn crease
grachl EIWTE%}’H %%%%@%&ﬁ'%!o‘#%@%%gg%ﬁ% f‘? At !'(Jlg%\/()ql '&|1£ é%_m@% in order to

15equipment can store wafers, load wafers into, and unload wafers from
PrENENtESRHTHERARbEE did gersriy oniprisdscesyd ebde dtpvesrid the
tcrﬁhb?ablﬂﬁ%ﬂﬁ%ﬁ&ﬁ waleks, ﬁlgnﬂésri;ﬂﬁr_(f @%f%ﬁ%ﬂ@@?ﬁé@%?%@ﬁ%amﬁge sealing

holders and the susccptor in the reaction chamber. Dyring wafer transfer,
R TS AR LR MO T QTR Gt T A BICH BB by o
quinte rmetiatehwalber, ttansférchambers aﬁcbmemm p[e;mmﬂtrcﬁ table; @wﬂals
reDRIMEER NG dLsiat OAMRSI AT, 2SS AAN. Rermitinading and

~ unloading and can then seal the transfer chamber for ambient exposure.
INGNREY BERHY aHPDrpaFEadrcRIHSeo Btpaitatlerddeny bedweehtielore, the
{Eansfan chamberandithe-,Haciancanapende, ResmNtRlacement-anding or
coé lnlo%?l of wafers on the susceptor. Such a system also prevents

S

5t TRATERTF RRBIEN o SRJBBIT RIS B ERB B o
thecontdminants:andireduces parging timesoprordtadoad ang gmeadelf line from
thc%%‘ﬁ%%; %ﬁi‘éﬂ%gﬁﬁ%@%ﬁ%@ 9 %So%taﬁﬁﬁr%g%ﬁ%g “.?%’é'*(ﬁf"’h“ sfer wand becayse it

reduces unproductive time by allowing angllng of hot wafers without

reasHOBitlp ebAtaRThatlaeh 1s preferably about approximately 145 to 155°C (or other
temperature that is safely below the high temperature tolerance of O-rings or other sealing
materials}. To better realize the necessary temperature control, the length of the supply line
between the source apparatus and the reaction chamber inlet should be short, preferably less
than about approximately ! ft., or 2 ft. or 3 ft. The pressure over the GaCls source is

controlied by a pressure control system 17.
16
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0 6. SEPARATE INJECTION Process Ras flow control, from inlet manifold
33 in the direction of arrow 31 to outlet 30manifold 35, is important for
depositing high quality GaN layers. This flow includes the following
wietessadreraracteristics for the process gases. First, the galtiungs2007/084839
containing gas, e.g., GaCl3, and the nitrogen containing gas, e.g., NH3,

prefesativ,enies e FRRGHAR ehamRel roHaR.seRAIE e d ey fhe GaCl3

should not be mixed outside the reaction chamber because such W

flogogyiEripebe T sdoeirsabadimming c o fehdus ﬁurraésrrem@e is dcpendem
nrma@mer@ues,ofnrrs ingrsonplexes.of GaGhs andiNH3 moreulasdhab is

aN depo |on en, after se arate entr
o e T S S BToT A A A8 i e e by
awmf@hmeqmmpMmm mcsfpﬂacﬁeear’m@dtmeaomeo thesvsteptar ﬂuhasr bestng the
adound thatthe, o311y 1afig showld vary over the face of gheﬁ%un%%%g {andsq

supported wafer or wafers) at any part cular time prefer y by les

Plggosrexiniaienyisod, 1@ﬁrﬂ@re%ﬁé@esmwWrbgertﬁahtamém&hrﬁa@ew é%‘ér mass

&% QF, 1% ASQethe M fatioisheulsihecsimitarlyisubstantially 1%@‘@1&*@0%1 the
Gad@e over all portions of the face of the susceptor. Accordingly, the GaC

d NH5 V&g Brotisd %am&w&w&&%ﬁa&wﬂ HABBEB SR Bp Ul Gt ihe
bulatteralracrossr ﬂtewmdahymfc&i)mg reacigncehambetsothaloupdnramiviagf the
ovglt {) g&lfli?' 99 [H 5 &3%%? % a\f%r‘?frnpof ther(t:) un;) rglfr ﬂ%\%’#bu% 1'% gon a5 n?lOﬁ with

actoss the width ? e reaction chamber an y at least Cross
thererdialéterorthiars esdepobbler apinalylahe flon, Shouldiporddielitates an
1mE§8UéHJl@E@H&@H§§ &arregions ghanamatouslyalowiflow fales: Where: QResoh
, more of the process gases can accumulate with an anomalously high
BB EFABR - ocalized regions of low gas flow, or even of gas
stagiiatidnsiaiigddst dvoidedals usPrefenedqinocesscgas flovGis schieygdines,
ref des r redesign of the |nI od of new or. ti
o e e oS s g mete
cogtpaetifes: thafadwhitprocesschnd Baridpgasésinteaoeaictioiuohambes!loy is
pryrheme@Qﬂ@%@o%%@r&rr@a@r&w&ﬁ%am&%ﬁzﬁe&ﬂ%ﬁ9@gﬁemm% ¢ha

more physically separate units. 20Inlet manifold designed and fabricated
P e B TR G Y SRR L eSO Ve BUSTBNRE T AHiatide. boron
nitpkefased pragaess:gas flowsiHweyes ,anfCﬂEiﬂ‘éH emhothimeenis, hds:| components
a vant%% 20U, f%lrl thde%gl [Iow into.a e cted rgactlo ch mbedrl'c roduc
n

Cd]b ¢ cod flg% Qar.da bon dmor OUS SUICON I CXAMDie
y a proposed inlet manifold design to be modeled using fltid dynamic

Slriddetirg $oHware Taokiidesknowanlin thelabic T rﬁr@pt}sédrdesrgmbm been
dethisIehy e listatiyely mpraved o achigvedncreased Upiformity 23pHanto k.,

actual fabrication. First, it has been found advantageous that process
DO FARCEh PR RS R AR 8P b@%tﬁ’&%ﬂ“&(&kgﬁ% GErRa ome%%r
pobthefdheavigif-efthe chamber. For example, multrple gas inlet ports or
one or more slots through hlcg %fi gan enter cal f rrbute% Iat rally
across the width bt the ‘chiam arr’(eiirl(é%%dkuch As AItIBg &R or o amounts
of bydidgerecand® imrod ueeciltcg 30assistinidirecting thenGatd3iandtiediment,
ndNbiFgaseaineugh e rractordn hedesired factqn kacation ARYE NG o s

susceptor. Further, to prevent spurious deposition in the vicinity of the inlet
forgBeriscitsd HpAhraHebus TOIIME Betiarithdre sobdhshaeediteia:

cm'[ﬁﬁ}ilﬁ@ﬁtlmmﬁeﬁ@@ﬁe&l%@ﬁmp&ﬁgrmﬁﬁ thesnare thobheated abeVYe:s or can be so
T[:&rox(!mate 400- 500(%) ernate the |nIetF% orts can be coole)d or can
COnSs

G QTCSRAR RETRS Arokagegs éna%j Al G TREFE (?kh‘ﬁ

e spaced apar
maintenance, ¢.g., cleanmg and so forth, is required. In contrast, the GaCl3 source is
configured and dimensioned to provide the desired amounts of the precursor in an

uninterrupted manner to facifitate high volume manufacture of the Group III-V product. Thus.
17
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WO 2008/127425PCLUS20117/084839 Next it has been found that
gas flow properties produced by a particular configuration of the GaC13
and NH3 inlets can be improved, or "tuned" dynamically. Secondary purge
wgas:@nssimpinging on or originating for example from underdthgrs2ee7/0s483¢
susceptor and mixing with the primary GaCILt, and NH3 flows can be

Vi ﬁ% RELEaSS HRIIMILY, of SEOMROSIHANANT  oherwise
on on reactor component§’. or exampie, In

mHSEEL0 z‘?'&%%éﬁ%%? é'z%
velocity or prevent deposit _
dighpaRAdtssRiabIKa AL AFHMIAS Msws enter the reaction chamber
from differgnbinjetpithambasn.founshadyantaeep UsLoRIAVIGE Bk Y8d
as flow entering into the reaction chamber somewhat upstream of
PIEHET it RIS HOWE S CBnFS HRSpPOLENE AR RHEVe tha it
rodapasititivacne ariditeishisith theusideivalismafitheireastor fimi upintended
renosilion. FOrANGSS pRaRes, Lis advaniadens (0 MGMNEE . oo
greater amo_uﬁt of carrier gas a&fé*raﬁy néar the chamber walflsand a
arfagie EPIGURbeenifaly Ehoae e midie b tidlohdmbemnains gRlgointerrupted
syRgfesird inigt manifolds.previsedes.Aynamic.adiustment ofatdaastone ef.cis

_the process gas flows so that non-uniformities observed during operation
SOPHIT b ShioTate G, SHISEII8T H Priceds §88 it hecHviEY
colimtontwaiaChorehstreamsandindiddtiakfiow eeniighyalvesGanpeccdure during
rovided to inde ently adjust the flow of each stream. In a e/f_e_r‘r
R T R S S oA e
neippdeipenuentiypoontrdfiable sedsitive flow. Further aspects of a preferred
inlet manifeld.nglide é%?@f%?@@?c@?@&'&?&&@ﬁ E%%iﬁ%%k%%'&%%gzc rgservoir.

temperatures T3 can be controlled both to prevent the condensation of
AlSDrEEIrSBIS WG ARSI PIFErt tiamageto: 10 ¢tc) having outlets
wieMperafuEseasitive.NTRIETIaIS) & JandRSkehef-0 Fifg Matarialse AServoirs in
_discussed, the 13 inlet ports shauld %(;:- at a temperature An%éess than
LS RDrAt o LEHae U4 CCI R MBI I el
soprefelrapltyfincxeaskoifromtabioutappreximatelyid80Gotocabelst provide for

so Rt 9&%@&%{&’ Ik%&aig&mecr&ﬁ%%yuﬁé{%@m% W l@ﬁﬁ?ﬁ?&%@&t LAt g’#&%fmmed.

materials, such as gaskét materials and 0-ring materials, available 75for
Fogsaamiive YHit WhrifoRs, Urr it tlaf wstsdchlingahemanifolid wol therg tirtz
inteRGHAIRRAMDEE BegiMiR-deleriorteal, IMRETBHT €3 BN GRS &f-abOMks can
be@g&ggé@&telye 60C. CblorlQe-reS|stant sealing materials such silicone

-rinas LABleto RigHer iehipetitures, if available, can also be used, in

whichicagseuh® inletumanieldaspper temparaturadimitcan Yeraised:xamples of

suﬁ%ﬁ‘éQ {ﬁléﬂgié/ T\Jﬁle,t/@@znﬂ% q’ﬁamp&r &Iéj Fr?f)-lv—s;’%hSMR q\ekﬁolg ttry(ﬂ)ﬁ gaﬁlgrouscd

remain in the range of about approximately 155 to 160C by ei
begtpp ity hewtds raiSe e termaramrefon Amtieeootréempviages. Ammonia
anfansiewrgehgal-fromdhe-hotraacionrshamher apehve el susee o ;in
_ Ppr.?ferrfe% m,bod'l?gﬁnt_‘s an inlet manifold includes temperature sensors
reiihel RRARREL O BAPerafirs EORtSFtuitis. FOY S Eible. TBrmBaratlies of
criiigbrio 16O canshesdV @ 2008412425 PGSR 007/084839 vachieveddyan be
ofifRlag A epaIALE o Anliolied GALRANTM M, Qg KNOWNJIMAS, o
can be used for other temperature ranges. The flui channels pre erag}y
SAVIIRR PO i) i iiRR tahiberatoreisarsiove portichs: Sithe itlebivadifold,
e.g., the GaC13 inlet ports and scaling O-
¢ I, REACTOR GEOMETRY

Next, to achieve increased economy, the reactor subsystems are preferably adaptations
of commercialty available reactor systems. Available reactors preferred for adaptation and use

in this invention include as-is most or all of the features to be next described. These features
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Channel arrangement can be chosen more precisely in view of thermal
modeling using software packages known in the art. GacCl3 molecules
whether in the solid or liquid or vapor phase arc known to exist mainly in
the B@2Ckesdimer form. That form is actually very stable uprtor8Q06s7 /084839
Theimodynamic calculations corroborated by gas phase Raman

‘ fi G-more than 90% of the.
haRREEUPRERRYNAYE SUTURMPR AR A VK TR WP MO IG IR

phase is composed of the dimer molecule and at 10/00C more than
erlpRRERted et bairipodddoud the (dheinedeoniien Adithedimeinly to
crimeleeriesisminiectod thioughamelallic nisstian RartdeptahlemPerMMRS e built

at qr below 150C, the decomposition, of the dimer will occur only in contact
G e SHSESIOF A ERTE ot BriDEFAR BB e ROOD bt
modifiiesveladity efithegasiabougethiessusicptanondtssesigenaetimenthavention
L:porti f the dimer that will be decomposed might be 15too small to
dz'goug?%% Fﬁ%hr%{%{/éﬂwe ate on t(t'ahe wafer. The GaN deposition process

proc&sds thro Bt asrsotidHBP CaeI3 Aatds flneederorfipositidarto
sh@RE I withx:s3Matihallsbipdne has Rpensemaved seabiainianadsorbed.;

.atom of Ga. It is therefore desired to operate from the monomer form of
UBRERRS AT STEHEd ¥nBbalfigHTSithe frivEioH b BLMIE e tirfeton
chiimbughia guantztubaiunider therseacior charmbemsiiuatedivpstreamoftheaiity
Ggﬁ%‘% tor 20region. This quartz tube connects to the reactor chamber

through a funnel with an oval cross- section. Energy is provided to the

dimer while in the funnel to decompose the dimer to the monomer. A
* prefeffRFBRIDbHIHeAt s IRORdISRIONORTARIMPS located and

shapegin @H@@ﬁlwmag- . tauea;tw@%pql{mﬂahge&&bvmeﬁugﬁ X spent

of IR radiation. In this embodiment, the funnel region is filled with IR
T RN HRT AT 8 AT FRARHR h b War DBRE FEtEt s BRfEthe frrited or
mabsoentimateriaptora-temperatureof A00Coumase: prefembly 806G ohal

higher. As the dimer form of GaC13 is injected in the quartz injector and
L R ot S e e DA Gea e

prforgmaratidriye fjdcted i théazeatt«icbﬂl é;tfat@e(ﬂ}{]@teaﬁbg;d@am efithes IR
rSNSEERIQ I RTeferahlydharegion befweap the.inestion, paintgf 1Hw@%&§g}%dma

into the reactor and the susceptor is maintained at a temperature 3
RAbB0e BOGE 18reiiant thie 1R-formiatior Brire tirEr A rfetrey wall material,
siuembodinfentis|io RseaRienplateibebueen thetfunneal andithe suscentas:y.
which is heated by the IR heating lamps to maintain a temperature above
790% ag%jprefer%p%( qbo¥e 800C. WO 2908/127425PCT/USZOOZ/98\4839
7+ SUSCEPTOR'AND MULT-WAFER SUSEEBTOR -5 +HR Bustehtor
and isuhenaitincanebeaof stahdaidrconsivuctionsasgenatatlyvknowaidn should
ve iR A exaAmplenth AN AmRLsG raphile cated i silian garbide

“or silicon nitride, or alternatively, a refractory metal or alloy. The susceptor
YRGS B PR e EP O PEt AtioR 5 H haff Dl ARR EHIN eeisHgRMSAtion can be

sigBUsCptoriamperaliies hi-caronmapRr xinalely. 1300 19:d 100G (8K generaliy
s controlled by known

higher) and are maintained by the quartz IR la
by e B SRR 6 OBTE TP o ST SRl BTt the
COM@@O@&h@W&_@EWWDMGdﬁﬂg preferablyyfolidesfor injeetion: @faN
forRHE GRS ad IS HRISGHOL 1§ ASORAVANIAARAHS NeGaUSE, ﬁ%‘g?o'%@g'&@%ndmse &t

minimize unwarlted deposition on the un YérS|de of the 10heated susccptor
beigiprbrddjdseit Corlisarastadttapray-albdlidel eatsasadirabtlyedr about 140°C;
andnGreBlY)as to form and deposit at temperatures exceeding about 500 °C. Chamber walls
are controlled to temperature TS that 1s preferably between 200°C, which has been found to be

sufficiently high to significantly timit precursor and byproduct condensation., and 500°C,
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The susceptor can be configured to hold one or more substrates. 8.
HEATED EXHAUST Reaction chamber outlet manifold 35 provides for the
free and unobstructed flow of 15 exhaust gases from the reaction
shambenthrough the exhaust lines 41 and TO waste abatement sysiemeae
The exhaust system can also include a pump (42) and associated

whf$ % a':&rgegz? ﬁd%g%[g f%pcrl% %ﬁ%x% op g0|1 ca 414 np (Se i]s %?1 (Lc":ggmber
an

assoclated contro equmént to pe I'[ ope atlon at re

wikesSuPEfCThe toerEifoks ExHaushines Mp&e&%ﬁ@ﬁ@n@rol
eqU'mﬁﬁﬁ&QQu%@@tﬁﬂQ@ﬂ%%F@@%%yg%%Emﬁfu%gE%o@f?;@tliﬂgﬁgépwa[
S

limit condensation of 20reaction pro ducfs. Exhau gases and reaction
ABTBLLES tyBeRIy Corpse thigsafriar tabelest hersicte crplotess skt
trasG1a] mmﬁ&fﬁaﬁﬁp@mrq@u@&wm@ arguerimariytiad€dlooling

NH4G 1l.a As. de crl ove, erat r oV, .
e e e R S e T B Eene g

ANHAGFsdribien gééhmbraupcm@ erynﬂ@;teanalrbietﬂmwabmnt dpproxintatepamber.
W:!xﬂqg;n]ﬁpgﬂg@ Qutlet H&M@!ﬁb?nﬁ% B%{@ e EQH S I?f‘tm' can be

75above this temperature. On the other hand, to prevent deterioration of
adushither FREtAs, e StMBEnTdRITORTETh BB fatie WA stAer ot Exdaat) can be
prabidud appreximately,168Gors scacardinglynutietimanifaldtemperature

T6 is preferably maintained in the range of about approximately 155 to

1 OC b tem}perature control means similar to those used for inlet

manl £ é %empe?ﬁ%ﬁlrnéf%%n?rof‘f'hc]fualng optional thermal modeling).
MaxiFuies xbagstR0lnestbngpanatyrest 7ds timdtedi by fiesriexinaure routinely
liAONAbIEIemReLd %éﬂ{ {be sealiupralRiahly in the A@Qgﬂle&a@z?molﬁﬁ this
to 160C. WO 2008 27425PCT/USZOO7/084839
CWW@WW&%%%*dé%ﬁglﬁéxma@ﬂéaéb‘af&ﬁeﬁ%a%g@@% hagpber,
anpreferrad, abatement sy, S@&l@%@ﬂ@ﬁ@iﬁ&iﬁ BEOAOMiCA PN O, transfer

in entlpn b y recovery %Lwasan a lium comp unds exh ugﬁd frljgm the

Rt A DR Qg B PO ARERELHH EIFR%H?%H AR S At et ET
irdugieortb6Orkeyton mierelduingbéass ismingeapproximately SO ywaiste)ed luting a fer
A meBinalsusiined. figh aabime manufactuing, AL GUen GARICES: lhe

Is economical to recover this waste Ga and recycle it into GaC

eXEFARLEOPCTRET K1Y A8 BRI e RS HVE B FTO Rt AbSI F D086 ci@(yﬂzsrtfaf ambient

exphligienayidrigushialsanachematical vuiinstrates apretesad ambodiment. gt -
waste ahatement 10subs§§tem 5 that prowdes for gallium_recovery and

L AERTBAAHY SHAPEt B CBRINETEEA AVSTABR ProauaeThe
sugtrp@m 8xtlaustedfrairoreaction chembes2bgassesitheaugh exhaustliriesre or

otﬁk% atsga@ a r&)ﬁ&gﬂ%k‘%ga%éI%%B%Jég}é{r&%o%Héﬁ%% of ﬁé@%&éh%agj ﬁtmfm.

In t € range o out1l or ﬁrea as convenient, an

It iﬁ%ﬂfﬁﬂﬁémﬁﬁ 4 3uT HeBSTHPIEH (igRONItizes thet exhatrsigeisaw oy yraissitige by

alitwiroughihigh thtemperatisis.combustiop#anggr.comprising, e.g., H2/02
combustion. The oxidized exhaust stream then passes through tube 47

|nto countercurrent water scrubber unit 49 where it moves
. SEPARATE INJECTION

Process gas flow control, from inlet manifold 33 in the direction of arrow 31 to outlet
manifold 33, 1s important for depositing high quality GaN layers. This flow includes the
following preferred characteristics for the process gases. First, the gallium containing gas,
e.g., GaCls, and the nitrogen containing gas, e.g., NHa, preferably enter the reaction chamber

through separate inlets. They should not be mixed outside the reaction chamber because such
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in a countercurrent fashion with respect to water stream Si. The water

stream removes substantially all water soluble and particulate

components from the oxidized exhaust stream. The scrubbed exhaust gas

wethen/tetezsed from the system 57, The water stream withteee7/084839

soluble and particulate materials passes to separator 59 where particulate
mEQMIRANEAE ABAT Rl dRll R xdBS(8.0:.GACRS), ENn

separated 61 from the water soluble components, primarily dissolved
majppatey SiHeiespdra Cant SESSEIEEcByY known techniques, such

as sareen g fitprieg, cantrifugation .focculation AR SR fthaAusingI& that the
.£mbodiment of the invention can %Eoduce 6Q|§9, or up to 75120kg, or ,
2T’ B pAM COIARS VAT aRATAG SadR TS o Bp&Ption The partrimd aat e
Hlgdllam dxides galtatesiarécoliédteduangith€aBdsisradvahtageoushaters) at any

Jecovered, into, €. known chemigal technigues:
P b e e e B Ao
apprAOIRaAY 3Ty water-selublscedimponertiodie padyetmitinthespstisth;
@ IR BREERRED FAGRT EWLAREMBORIMENT Qf ik INVENLION g

N Next describrfe?d is a particular preferred embodiment of the invention that
NIRREHEEN GERETail destibid Ab0eMES SRBotTENT IS BRsEdsh Hieidth of
thenedificatibmand sadagtapien:ef andzPEE LGN sesieS;astagle-wafen -turbulent
ﬂqpi&%i:{ll reac r(f:rgm SM America, Inc. Ac orr]%in ly 25 W¢ ) i
A R ikt aoroms e
digpeieified tbthispraterred particular embodiment. However, these features

are noLliMitAgNGNeL PRrHSUAT LMBRIIMERSGRN PR3 L R omalously low
modification and adaptation of other available epltaX|aFreactors and ar

€
iR THE SEPE BF PR SIVERTiBI CRIGSASAE IRTIUFHE S SHEL I SRRty high
cotlelitenjoaydiecal0d ingluding resemainl0d; Swhigh:candaeldid0 ia Boskgvoided.
of Gacls and canmainialn L atas a iguid at g sontrolled tempetaure of
up to about ppro}(“ln”ﬁéteﬁ/ 130%0 1 ©an supﬁllyg aSsembiy with éculﬁﬁfy
mdjrEsd vakvesrantcsohitp ks a0s wivithproVides bortbliedmiaskflomidhld” refers
to BRGhca-theneagtex gﬂﬁ@@@@ﬁ&v&%&w&gﬂa RIRYEMING GAT whether these

_condensation within the lines. The reservoir includes internal means for
STBHHER GG BAP SFatbrilst ey imiresat e, ahmaosT efsrrsa Y osritsaimiént,
thesaiachuders bukbiecapppfaiticas knowa i thel@tininRlemativeres have
embodiments, these.can,include means for.physical agitation of the GaCT
b a0 2ol S LT RO A Jebric ApSreai G RALnt rag -
adff@ffﬂhg@mif_m'ahygﬂsélsuﬁpty_ﬁmelf(@pctieswéo;n lihe)nclpddscadcoaxialopostibmiet
mAMRGALINRIIAS LOOVENNGTNG Sartial-9a5 BRGNS GIOURAdbes known in the

precursor and an enclosing coaxial line providing an annular space inside
artyn SR SERIE S e Budbies B HE el IHETE Wriklilaysipareednniformity
priconiaiihal Feaiingsnedium. Fig. 2C illustrates an exemplary

arrapgement ngdel'#ver system 101 |t _cabinet 135 which is positioned hamb
adjacent to' Convention: |ag}"§8eaé§°§‘§s CORIPST EabmBt R3O Siriftipg chamoer
be léngibuoiithe GaOhA. supply ke cabingtl$5tis dismiposifionedadjacentitoe gas

mitheJeastion chamber.which hereshidden by, cabinet. &ﬁ’é’@ﬁgg%g S across

control cabinet 137 includes, for 20example, gas control pane
theguiithaetirorhtinberad caupsrsanahiorarpese osdigieagan be introduced to
assist in directing the GaCls and the NH; gases through the reactor to the desired reaction
location above the susceptor. Further, to prevent spurious deposition in the vicinity of the
inlet ports, it 1s advantageous for the actual inlet ports to be spaced with respect to the heated

susceptor so that they are not heated above approximately 400-500°C. Alternately, the inlet

ports can be cooled or can be spaced apart so the process gases do not mix in their vicinity,
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liquids, such as a Group Il metal organic compounds. Fig. 2B
illustrates preferred supply assembly 105 in more detail. Valves 107 and
109 control lines that conduct carrier gas into reservoir 103, then through
the internadzbubbler in the reservoir, and then out from the resaruein@logngse
with evaporated GaC11 vapor. They can 25isolate the reservoir for

maini@&@mmqr?mmav%m& ,J&%l&ﬁ@giﬁ{}&?ﬂp&%gj‘g?a%éﬁﬁrs%%tgggraﬂon

above the outlet and inlet values of the container system. In particular,
ofhicEEdnahSBlion €aap GESTF OEcuPin e (i grriitaive iecandary pprge gas
fyaiviendihQils uselbinander B RWGs these areRs (e Qulehrl the 6ARIAING: the
ressure in conjunction with the controlled temperature of the buhbler and
P R At T PR e A B o SO0 ARG O
coprpatitsoradfidwelatey Sheradditibnoiualve 1k0tallowms thercanipletedeliverny
eﬁy(?g%mé& %&yé%egwﬁhaﬂg '?\Tﬁo O G GRHE a%'lovr\{rc]: B %E e %Y}‘%g'ent inlets,

_mode, thereby reducing exposure of the system to a corrosive .

it BEVISATEAE At eoasagUe miy iNrovisg Edipmeneliftime. fheaction chamber

soansemblyelsenincluses valyesil bl wdR ko comrpling.vanousasrests fndsd
flow through the sup,p% lines, It also includes pressure controller and.

IRIHEONEET WO 200811 STAZEPE TS FSOHOBEESY: 15856 drrhisparitign- For
theanstgnkpressure avesdhe GatidicantainerrAlsoprovided ds@asnagsiflomear

wSONialler 131 1o provide a pre .‘%é?n&'»‘&?tp’ %@&%@ﬂ%&%ﬁ%&oﬁ‘a@%ﬁa@n’f’u
container. These a.Ct to prqwdré a CQH P[O e and ca! raterfil mass FOW of
GaCl3iptoriiarsdstivmendpberotidiseideivdes phessuret wiguldtors RS the

prafd 120 Abhe sHpRIM IR AssEMRLY HiRchding 1he SWPR PHALS. YAMESatcd. For

and controllers, is enclosed in multiple aluminum heating blocks in
X ATARISHBIF fofth 8 BrRYoEE B4 RCCHMBRHEI e ARt ATBI SRR tiual flow
conontaiftenoperatpie e seisdhahcomrol Supphy e eompanetim. In a preferred
temperafures.so that the temperature increases (or.at least does not )
g e Al A R
reighamier. A gas heater is provided to heat the inlet gas to the GaC13
souree-peetierallyfo. atemparaiire.of alid Ueast- 106 - QBHRRAIVL Re by,

. 1Eﬁurifier capable of removing moisture from the carrier gas down to no

infgi SraTiAIA STPRFRSER Billfon ke pradedsh edaniaicyay rstamensiaTaither

préceatieregasiiter, is.dewnstreantekthecamies gas Ruiifiet. The-caniergassket
.¢an be optionally configured with sinusoidal bends, e.g., pigtail 112, for .

o RGPS WETCasSd HEN SicRate SR e i TSR eyl

thivettehighes igmcBavand 3B itUstiate top demdyof e préfermagrefabbUiinerntisod

it %%Jﬂg#ym&d , gﬂ@%o%% AN 5@&%&%&@%@@%4}9@% Iz and)c

is generally shaped as an elongated rectangular box structure witha
chioyGarHath 87U ESEEFRERECA T b Bt giaieddday 20 spaly. available
foilfianswersely-across thachamher wallsand suppartthewalisaspeciallyon
pwhen tpey.?(_)c atmbey is errat_e_pl und.errlvaucy‘urg. The reaction char?ét?oer is
“hEResEEF IR '] SHIOTH thak GIPBEIE S Th & i b AR (AT tREEHEnber
Chivelts: cansbeicentralledtto dtempeiatore substantipiiytdovigrthanthatuofs, if
wHaSUSERRRl TR e deastally s AatitaeilsAnenasman, .

can be opened, as it is in these figures, to expose the reaction chamber.
falffigible here are the longer sides 205 and the top 207 of the shroud.

SusceRinti%iE (RO IRIDIR N HHs GLaWing) J8o(RPBSHIRRG WHRIRNG in the
re_acgo&. The susceptt%rfl _heate%ob(?/ quarﬁzllamps which are arranged into
"G RAFSYS BPBETAF Rarimos CUBPEr Banil Sy D6 iSRG topParaie
frofheshroudy actower gy ishitiden elotvthet reactioncthambernd Pertions
5u§%fcévt9c§|r“$ ng’ lfgm%ro%l\(ﬁ%@e an ml.Ftlgﬁa 10'1'&%%’1%%‘? 2 lonegeﬁu e”:lgrln;ors and
cross-section through partlcuTar preferred reaction chamber 301 but
chyiiting fomstrenygtrfeniy Abkioom uneitedehersaretep qidea WAl can be
303, 22
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30bottom quartz wall 305 and one quartz side wall 307. Quartz flange 313
seals the inlet end of the reaction chamber to the inlet manifold structures,
and quartz flange 309 seals the outlet end of the reaction chamber to the
autleimanibeld structures. Port 315 provides for entry of processes@asesas
carrier gases, and so forth, and port 311 provides for exit of exhaust

rls eral circ enrn 1
S e D DT g0y e Sy con
benitkdte tokrbfaRarEushelf 87 T‘hhélrle5y1§~@tﬂbsta¢fnmwvmmmrganﬁa@ettsthe

e PERSENIeddQ RKRGRSS BRSEHEMEN RELalY, tb% injetaanifald: SEHEWHLS:80n: O-
that these ases can pass across the top of the susceptor without

TS COMTg TUBEIHT B M dRASH B RS s R S s ESBtar (esyRRmcdring using
soffuarty tulhecd? krprovidesdar a susceptor support shaft on which the

susc r can rotate A vant arrl r as ca be in ected throu
3 molech ase ar 10 ex s
this tu e to purge %he vo ume Uh er he g scepto % preven ea zones

mevhiere: gro€essSigdses tamadtaniotates e pakijcutar sbbitdip podf0GACT
TMP&%B%%&]@%&?&@H&Q& E’&erot%tm&% as h&%g Eiﬂ%%ﬂﬁ(gé{%gjcsu g yé confirmed

provide process gases through bothport 315 an e port ases
thegacH BSrrane st Guetguart2hebd 328 hisdttabdopierns incdefittenéd:

70hORPREL AER whick attoerr%a%%%é@gﬁ%a@g ltr%ftﬁt(%rgetr;{utg&%refse to
process gas flow in the reaction chamber); this funnel opens into the base
of thé'FeBtHBPCERIABER thivglshiransye selgliiaisgeer giot ieahelfSmRratures
at Withteferanee 4o GigoRptheifinnehisicamnagty flled with heads.ofsicon,
carbide 607 and a silicon carbide insert 327 in the top of the flattened
SURGRRTET PrEvide SidRtakE prre e 1940 e Mrp BB acT hors faiinel 3paepstabove
thiheseaclion chambelechwe t&m&m@%&nﬂ&h@m RAleCihARIESAES: be

locat d on each side of the funnel. A quar ?t heath 603 containing a
R B ROU 6B & S HHeB YR v DIED ‘tﬁ%"dﬁtﬁﬁfrﬁ?ﬁe@%ﬂp“’
thtougbout shemiddlef afdhe fua rtelﬂmtghtimotlnedmtdﬁﬂ eaidbe GiG heatlsiti! a
le clo ap,control of otI oW, rto maintain the
o e R G T il B 0 operat
froptibe meewcugh poreg29 At Nl isihedicsoee! mhmagrnp@rtm@iuccs the

difltennativelys Gaclisambe ntredeced throuolpadi3lR:ang MHZ.GA%Pgo;
introduced throu%;t port 329. Alternatively, an RF field may be created as

TegRBWITH BHETR R SRR [SoRFTTAGAHEE5Y S5l Ny Khaeral cross-
seabtivatedrby the creation of King:ow hﬂd ieats: ﬁltﬁéhﬁbtﬂk%lryh”@@m @@I‘dﬁﬂc@fto the
NH3 can ced by N2 w ill be.sim rI act vate
e B R e S B g0 o
%Uelhel\tﬁé @é@@@mmeZ§ube@ptcfrnm¢trseCSt® eXxtehdion ﬁétte idiheatelh Bysthe
enfh@inatingdamnsdaensyie. thaldhe dimeh deesnoLrelarLIn1he @88 power

phase between the slit-like port 329 and the susceptor. The temperature

adb’ﬁfﬁé‘%i@%&%%%iﬂ%%%tﬂﬂdb@ ABBVESTORE AP refarahy AFowabLy
708006 ign4 Ihustiales & fiagenally-cut-away.yigwmelaparicilay praferted

reaction/transfer 30chamber assembly comprising Wafer transfer chamber

thipygh {he AR BIMRLtaRe d Fedietor Bhhsriser aRESH B 0RO STRSE B Ra ik Rdped in
thhaverbeenpieviaushyidentifiediia dﬁl@&p%tﬁﬂd@cﬁd‘ﬁﬂdﬁ@fﬁ!ﬁ&rlﬁcﬂw&ﬁ ghee
in c&on oA re&rcer”%%o”%ﬂ]m; ers. & S”E‘B'ar iransfer Ch?mbg“‘ k

] OUS aro arm, ernou Iew%llc‘)llddnan OqtﬁC Oéairlgl Aot %I’a?t (51 raturc:
aberanifetting pwenza@e/alemw@wea@ewoe@egmwmﬁmm these a

slefrrtagﬁemaﬁ SYsigm.into; the react er CE%H‘ %osrng Ot%h Eﬁag r?gl%gaﬁ 35 to

amber back to the outside. Tran ers o
maat: htemisdraeRtiony T HY tededanathrabib ebassEltisly includes reaction
chamber 301 mounted within shroud

]
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5405. lllustrated here are portions of bottom wall 407 and far wall 205 of
the shroud. The shroud serves to conduct cooling air over the reaction
chamber to maintain a controlled wall temperature. Certain reaction
whamisan strsictures have already been described including:dzattosmurakssso
305, side wall 307, flange 309 to outlet manifold, shelf 317, susceptor 215,

aqd #@J&ﬂz R%W}Ef%r %ﬁc\%g@ﬁﬁ%port and optional purge gas

flow. The susccptor rotates 10in a circular opening 319 in rounded plate

409 Whichjsrolit esd| terabstalsiie for thiesisndetshtonéndtiencoparanlyiinown in
thShelf Bdhuxeitp eXtension-Riate 33paadSlitdika:Rort 2% e Ranaksy Qfride, or

these components ensures a smooth gas flow from the gas inlet tg the
SRR SURECHARTRI A U ES TSGR G A8y TWHIER E 8t dbietéon o
a éxfausigasasNromadiecteactiepichampenindheindicated direstions angh o

into, tli 19. The outl n|fold a fIan e 153
e 1 D B A e T I S i o
tfeipeEate dypniad euwmrteﬁwemamf@ram eld@m@rr@brsm thateriaistor, th_c
sulRletspanifald, f@é@lﬁ% (Asihis ﬁsm}t&y&@gf@g@@d@refﬂi@%5@5@911 wthin,

dashed box 4 Plenum 211, described below, is scaled to the front

adyapiaeear tRecRETHGAT IR BePiDiH 2 gasiatdr GIRRG R SRilstRstgeppf the

hethellikectpadedom dgmperatuitoandsahlorne esisantlAmatetdlss:Gatesctly).

Thcas lle 4 3 bergvl\}/g%'gn e tl‘gl‘tlosg%l‘i gggfm}b%rmand %he reaction chamber rotates
ClOCKWA &?{ownwarcﬁl%o opena pass%gerﬁeﬁmge}edncﬁﬁe two chambers, and
counterclockW|se (upward) to close and seal the passage between the two

¢ cRaMbseTep Th&gate valve can be sealed against face plate 415 by means
of, &8s &aéﬁﬁwr%ﬁrégmzmo@&%@ﬁe a0 atsrialfaring OiHpeIS NG fow of

same as that mentioned above for other O-rings. The gate valve preferably
Sxbaush BASSSIEOAN 8 BEtED Fiparbentpus s 6 m@w IR Gritittigrabarement

%yﬂ‘b@fﬂ@WEEEQ@SHﬁﬂt@tsyﬁlﬁeﬂr@iﬂ(ﬁw@'%@ﬁﬁ%rhq&ﬂmﬂmm%ﬁ gQYRAWRI 9@&5@% control
uar{z tube 323ﬁfl ttene f nnel 325, and % Ilke port 329 Fi
A e AT Hra i Tt T ATa T S A becirgnent ©

ustrates detais
P ethei racrangementirdhecseactiofhchamyenasteitby Sttuctures pviiokre control

cqliR¥EResn, previeusly 30identified tﬁﬂ%me%%t%ﬁe@%nmdcm&Qﬁ%mﬁ of

figure with the same reference’numbers. Considering first the surrounding

reRRipR Bt bah ass ety iasetiE cRiwBe Rt BIR0S: ihefkiding gases:
unShkeud f}%ea@gageﬁ@mmﬂmmr R30dids fphereflt while rapstes:ity NILCl,

ruct are. at the r| ht. Susceptor 215 and susceptor .
N G R Mo B e G PR CHARDE GRS RERGR BE' 81120°C
ar qmmwadﬂomrchamhmdmmgmdaﬁ@aﬂst plERItoMI@ses into a powdery mazer;a,i

bcl%gpﬁ{&gt ﬁ?ﬁ%&%%quéo §4§ %19 Htlﬂ&t%%%%ﬁ gydex SRl c(t)]%l' should be kept

shroud The reaction chamber lange and plenum struct re are sealed

by SHrgrREsKar S 03RO isIBI @uﬁreif@@tsd@éeémﬁlgﬁ Howsidesasfpdrtthe
outdanizonsideripa-new dha inlel stivctyedeading iraugh slij=like port 329

for Gac%é?dmgly outiet manifoid temperature T6 1s preferably maintained in the range of
about approximately 155 to 160°C by temperature control means similar to those used for
inlet manifold temperature control (including optional thermal modeling), Maximum exhaust

line temperature T7 is limited by the maximum aliowable temperature for the seats, preferably

in the range of about 155 to 160°C.
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5 (preferably, but optionally, NH3 instead). It is comprised of a quartz tube
323, and funnel 325 that is longitudinally flattened but extended
transversely so that it opens across a significant fraction of the bottom wall
whiheseaation chamber. Small beads or small tubes or any g ofer/os4s30
porous IR absorbent material fill the funnel 325. Insert 327 fits into the

o UBPGF QR m%g&;%mnnel and includes slit-like port 329 that is angled
towards the susceptor with an 10extension plate 335 that covers the

spacedstivaan the susecproean sbsshiclikeSporrshrmsabtionsGasiem can

as(ANMh QRYIARALGASHER GRS EHIRAVESHRWAr IR, the SUPRIY 1URG,SRESANSINS
transversely in the funnel, and is directed by the slit into the reaction

X CREIDEAN GRS HTESUScepite FITETRRY MEHET BiiBus Horftpofaust 30
ke32Papwardssuscapior @doiing minambow substantialutnifermacress
sullig i of Af enﬁeeacéio%%{‘%{ﬁ‘be% Lafonsidenng now nlet SUUGIIES, er this
“lea |n’g]tlﬁroug ' 'porﬁ B thede é%rué]tlures fn(ﬂudé"p enum structure 211 ™
wigedipletd B¢ 8 andrgateatavecddi3oNHS (py efdriablys blitoptibnattyoSa@idy 90
1o IN§eRE) YARQE]S,introduced into the plenum structure through supply line

517 and passes downward towards the reaction chamber through the

numbe Of Ve CATRBEL S 1R ApOFHET eIV tiealBREE B
suoptienatyithreughigistibuteadparisda-which.eoah Boverticahiupedsiined to

a ro_ugﬁof djsliri uted orts"ﬁnq asses arou dﬁli 511 of the plenum.
co R S g e AL R LU G AP T 1R TR R Pesses
th@mght@mﬂauylmmfé_ﬁmmm@wnﬁdtk@nﬁé redctiorocharmiten Gﬂﬁmi{laust
prsé%ﬁg&g h eaghiyerfical iube,is controfled by a, separate valye mechanisn, .,

all of which are externally adjustable 213. The plenum also includes
buiiFeE bt ConBRIBHRG ERfETAtTFe eo RFEP LRSS Y DaaREDE TR Fibiigh
teripotiigre SiRMPREIAIVERS ¢onbaliad s that theplenHRSHCIHE SR haust
. Which NH3 passes are a'gtained within the above-described . i
SRR T WIS (LR ORI SEH G GBRL B0y 804 moves
in arewmaintainedwithin e operationalrange:fors thel Bealing materiadsosad
sub%tmﬁa‘ﬂsf 'quéél%%iﬁgretg%&ﬁ‘?&%[ﬁ% H&%%r&&?énf@f}@& i 'Q)Qdfzié SIANE ARam.

that mentioned above for other O-rings. Temperature control tube 505 is
Thyisepe el cohraspatiding owpedd Birge isibiewefow port 315) adjacent to

0-ringn2Q3: 4P dyRisAly PR AtoRthia pihe servesiQisrltheQsring.sathas

it remains within its operational range. Gate valve 413 advantageously
RGBS HHUTRBER BT ad THIET foPH TS S e E Servirig 1o 186Tate the
sepeaction dndntransfercharmbersntioiscopenadaiid dleskddoiprovise HCL.

. G I >C Hf1 a(e]rsad ubstrates beﬁtvyeen.th)emlr,_@sfgr ch ul%ei
S B e /300 GG do TS o
foparages. gedssllissthatédsingte clobedipoyitd lminhisientdengeatedad Faper up to
120ateAharRy P int-alE dn prelerred.cmbodimenis,Qaninlethr s ol @81 ium

used to inject purge gases, e.g., N2, Their size and spacing, which here is
O i SRRt SeTE FBIBS Y RSN (2 TR CHARCENGR Al © &
Gaahchsparser atdhi-dentialpesions, ofdhe.gatenyabée, (Gadbrepctiaride,
syoaERenare o n.%M&é@mroyﬁet\w@g%%m%%@98@&8%@@ from the

velocity of the process gases as they tlow across susce and bui
Sy$€purge gas curtain along the side walls of the chamber to prevent GaC13

gas from flowing underneath the susceptor to avoid undesired deposition

of GaN in dhis,logalior. eNeRalY: fof HERESIHAR LRGN U, gpitaxial

layers the inlet manifold and port 10structures cooperate to provide a
procest §as ot thaPk SHitarviEy I amindrirt s HbhIFEiNR iy i bRst
geisrsiipatantiadty dboifornmtii yelacity andscompesitionmdiie sibstantialhiation of
an EPSILON® series, single-wafer epitaxial reactor from ASM America, Inc. Accordingly

25
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laminar and uniform flow should extend longitudinally up to and over the
suseeptor and transversely across the reaction chamber (or at least
across the surface of the susceptor). Preferably, process gas flows in the
weagienchzmber are uniform in velocity and composition |Saorassethi®s4839
chamber to at least 5%. or more preferably 2% or 1%. Composition
m#Viormity,means saifernity gidhedd 1Y 140 @Rt INIZEAR) However,
Thig is achieved by: first, designing the process gas inlet ports to provide
e RSV AHPONTE8Iy QARSI SPIREESEIg 48R TRt dification
anteationechamnibesr andsecondck:ny designingiselective njection of wankiesntion.
gases to cause the approximately uniform flow to become increasingly
oo 20C T G ol s s SR R e et 103,
whmipottaimtld 50 NUhkticaKimodelidgaofthe gas flevedyiamics oftheolled

telagg;iaw%pﬁsf&m%gﬁ%994%%9@§&st%m@9&@£5?ﬁ9r£§,@r%g¢m 031y

_inlet port configuration so that a substantially uniform flow |Sé)roduced.
et fgrorstal Spl b el GaRr aodr matestirtcd stamiiSpu d Beabraladhioreactor
chthehselaated ah depesitemcanditions Anchralesneadedifersimendedvoir

._Sustained, high-thrqughput 750peration. Next, within these qverall flow
G h LA S SIP S RO B A G e Bt
ez@a@@@rﬂmmwm@q@mmm@ 3 kubstah’tialctwunifarmla_a:m@_ss the
en{ﬁ&ﬁﬁ{%ﬂtghﬁ&]@ €ln ﬁl%dﬁ'}ﬁgeﬁﬂrg%%fh'{%%ﬂd&%&%%% iflllgﬁ(l?la% ﬂ%??otrea}raying

that after the NH3 vapor emerges around lip' 511 into the reaction ‘
the hdithepr I RIVE diseeratshbs subbtantisgouifdrmierrdsditnsuppaction (or
deﬁh@@bﬁg} ﬁarﬁh@rﬁ\@w& %@&z&%napﬁlg@mmimﬁ@ &Qﬁ@@@g@fﬁ’é%aéﬂ%‘ as and the
non-uniformities that may arise durin operatlo.n. urther, guiae
O RO WS AT B R PRI G RE TGRS R HS ABt £ e
en@:ﬁﬁ}r'ﬁgé«mathmtmﬁmdmﬂ;e Mnhdipeiqmapqm&ewz@ases flowsn Earekampléim.
in the, Q%‘%Hl?s‘irB{eesfSﬁ%&%@lg%q{%%%%%a&B@r‘r‘xﬁe@%ﬁsﬁe}@%%‘i‘ﬁ’ RLGOL: 135

purge gases through gate 413 provides improvement by preventing
whigletimorairs b dirghot sheenvations BPGATES vapo 82O 37. To limit the

len%@@@{l@ éé’éﬁ’%W}S%QQEé@%@3%9?%%%%%&@@%?3&@@%%@%‘4%&%&
Ch?agn[?ﬁ“p 511 ?éﬁ the regions enclosed hy face plate 415). Also, it has been

) ). Al :
& AR RGO (R PRSVitR ol SatER I GRS HOWAL tHesiiyiss. for
exahthie peacticmthambEand lesserpurgegas! flowsatithe cidesigisaess gases or

i ' re , r&i ity-of composition and ve Qpity of flow at the susccptor
1q%’ gg%i#mﬁf\%?ﬁsﬁ égrgggl&f[\rllécélgén%%ucﬁé Sthe surface of the susceptor.
EXANMPEE Tlheitoentiderisdnonp oormisared i0-aistantateol conventidhaid 109

comt¥PESYBIBMGIRullvS S the dvaniages @ndisnexpaciethbenaiits thigbier in

are provided when conducting HVM of 10Group 11I-V material according
e EethE Rt OFETPHOF T8 SeRtig ToRH HABECBbarieBrR SRE By wap gt They can
isoliateatv etienyccofivenitonakity R systems ade-finstbtiafly:desesibadiin; of the
Sysrt?-:lr%\é Q“EEP %g'ouﬂ ct and inlet values of the container system. In particular, since
condensation can possibly occur in the pig-tail elements 111, 112, vaive 110 is useful in order
to purge these areas. Control of the confainer pressure in conjunction with the controlled
temperature of the bubbler and the flow rate of the carrier gas facilitates improved
determination of precursor flow rate. The addition of valve 110 aliows the complete delivery
system fo be purged with non-corrosive carrier gas when not in growth mode, thereby
reducing exposure of the system to a corrosive environment and consequently improving

equipment lifetime. The assembly also includes valves 111 - 121 for controlling various

aspects of flow through the supply lines. 1t also includes pressure controller and transducer
26
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A conventional IIVPE system consists of a hot-wall tube furnace usually
fabricated of quartz. The Group 111 precursor is formed in-situ in the
reactor by flowing HC1 over a boat holding the Group Il metal in a liquid
foomeskherroup V precursor is supplied from external storagieres@es Bosssse
high pressure cylinder. Conventional HVPE has been used for the growth
1 2f grsenide; phosphide and nitride, semicanductors. F Lrthe rowthof = .
e e L G T s e e Bt s o
caphidivine HoMre s sormiGa ! carne tie Gtbup A Soerneiisusliaty act to
pralMRANiggag-dnsmergiviaiall e AVartz Babe:can b QHeRted-8ISL: 1t also
vertically or horizontally. The ZOsurroundlng furnace is usually of a

FLEHDE TIPS TR APTRASt TR0 tempdiattiPe’y SReestred tor rsdifting trety
liGsoupi metabatral ilempesatlie abovelitslmelting pein.and theiathenfar hell
foi&in tear{nlg]&% Eg%su%tra%%/tw {'le r'%l%?urfrflglg&gy HL%hL{ggglﬁetg?'tug .eatfu(%g §ensqrs that
epltaX|aCI growt%.ci)hg%lroup T - metal source equipmen mc?ﬁdrlng & Hoat
C%ﬁqmiwmﬁmmmme_tat, tthepsiabsrate hafée holderpandigasairsietsr ardeast does
nRlacedandayangsdin: are endofihe AnaZ fmaes, A2 uRe dneathen .

end serves for exhausting reaction by-products. All this equipment (or at
hES RN IRTCR BRI tETEr A & UBE) Fntrat e PEBACAIE PGt GiRezture of at
lestaintess steel cannot be used. Most reactors process only one wafer at a

time gt atmaspheric ressure. I\élultril[iale.wafer.s must bet rranged ing _

reactor SO that the SUFfaces of all waters-are directiy th IHE“6f the gag bty
mineghdetpess ieve! Uiforpadepositioni SQWalkirs!are doadethbyefirstier gas filter
is Blacing henr an &a&@%&%&a9@055@_@9%@%?&830%%%mgﬁge%o%\}l@%g@%tm

_support into a high-temperature zone in the quartz furnace tu ers
singro Rl P5bdu LY rEEsli Y SIPpORFiar e At E g the R dRRLc to
thivaler-offathesupport. The mechanism for positioning the substrate

support, e.g. sh/pull rod, must also be fabricated, of quartz since they

o e e R e A B € B W e rscion
ch200812H7 4UBPCTLUSI00VL084830nvalets, theisubstrale suppors andongated
reéa%mlmmm&%e&g&&%&&&m& ened i{@gﬂ? %Hﬁ%&%ﬂf@%ﬁi gcs

tube with great care in order to prevent therma d mage, e.g., cracking o
“Otheropaifers vanglorsupsthatebampportaitand thenwastomubessittambe the
ch@xpesaedterak cluiRgwalekn|oaring:amsh LRlRasingG. SSUGH ¢ORVBRIRANRL: dircets

able of the sustaine

VPE.reactEﬁ)_r_s&rtetg{otcgﬁ ble of th Ei high volume
CORBRIASHIITY DTS SBEERSE Bith tHe R AT GUS SRSy RSO Y
lomemmmfmfahwmmtmﬁ r@Mm@ @exfcehaisath@itdbrg-m@ca@aﬁgﬁﬁéﬂs that
call HERRARISAYNG ERR ARV ARG, ANd SOOI IAN 9orc are tne

conventlona1 HYPE reactors because they can have con$|(;!era} Iy‘ower_ ‘
lonpar i ks ek i ene FE At Bfatds frivertion? bhiyehe Sbisde phir drawing) is

polidridBsiiae/walensypPoRb needetoeheatsd;and ik is.beated BY aranged
__rapidly-acting IR lamps. Heating and cogl;\rllé; can thus be rapid. However,
SRR G A T PSR TRt Fo A et P’ the stroid:
iomomge'dmmnmmemmwmmmg}m@@ offte iﬁ&ﬂ?xﬁ@zﬁﬁ@lt&n§ okible.
U AR SHER, RTNACEDCANNG. 00, cO0IAIME R IS SR Byion
idle, and warer production, reactor cleaning, sys%é maintenance, and the
chieniist be emidiruior srinathrores tis despiie:ssksDithermaindanagesll 303,
pofers.areaually RlacedJn.and remoysa from thedgactar when ihisneakqd o

n operating, temperatures to avoid further heatir}%? and cooling delays. For

1hS HRASH R SRRy st HE SO ES D i S TATERERCH sehidbeoutiet

endighbe traughpitsithan taneonventionakbildérEsystensspnatider ieasen of
Ilmﬁltlnqéthe throug_c[;thlzgl)suet_S 021; convs rrmtt}lf)g% Ho\r(tl?,%s stems IS that suc

pI'OCSbésGS dSCs, CAITICY O . é‘l (bO I’% rovidaes ?11 CXIL O B)glaUSf a8505.
20systems require"considerably more reactor cleaning that do he reactors

Thefhisiventiomraily positioned in semi-circular opening 319 so that its top surface is
27
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Because all internal components of conventional HYPE reactors are
heated by the external resistive furnace, IlI-V material can grow
throughout the inside of the reactor, and not only on the substrate where it
veudesiert4Buch undesired deposits must be frequently cleaadifianyikesss
reactor or else they can form dust and flakes which contaminates wafers.

co Iﬁﬁ?‘@ﬂi ﬁ%ttﬁﬁéf?cﬁ%%eﬂéttt@%w"ﬂ?@ct% ﬁﬁgt%tﬁlp%ﬂ&g%ﬁp%gﬁ 15 presented

Iso, the Group ELI precursor is inefficiently used; m(%st Is deposited o
10 RGP HE R ARBIthE BeanAHle AT GEBD S TR ATDSHATEsS across

thmfedszaﬁcd@w@@mam@hhttte)w@n@m@tm&mmttt% paGien exinaust whensadt,
o g%ht be relg% d tqr reuse, The Grou g \ recursolg?% also mgfflmentl
(LB RS LahPOSSHIT AASSH BRSPS [Acgusceptor can
rofde|4Ep B0that danceepogisancolddeeas tdmgisﬂtaant)@fdhergealmmmmme
un%t%ﬂ%‘e%ﬁla%lg %I?I%tg:%p AE?J&%%W&% &!‘gsa ”aesgsfé%ﬁn ci{t:rc]t?rrltgia articuiar
contrast, th reactors oft IS invention h ve terrtperature contro ed Wgtts
busld iR orRgRugdskEd grovrEr B GRIiRY TI1-Y material occurs.

Reaqtaesod: thisinveRian. a0 HeVme iR REIuLiveSings bt;tptqﬂmtte/@mt slit-like
cleaning and maintenance either can be shorter, or need W

POSE/1 S EBETIOS 200 7Togh84E HBtWet%t?ﬁ‘eatfé‘h‘t“@FtS’Bﬁ]t" p fhdisacd
funeelstilisvdlzn, diesystems @;mdaﬁt&th@@g@tgtrmmem@mmmmmﬂow in the

ighe t u that can co tional syste nother

e T PR T e RS

ﬂ‘%Yﬁié@tti@ﬁ@hR%ﬁhﬁF@ﬁ@éatdes require recharging (with liquid Ga or
othem@m&ﬂw@t@b@@@§totﬁtﬁ@txm&tﬁitﬁqmﬁmaﬂcgammét%r%blde

Ga sources of this invention of this invention {(which_are recharged with
Ol &4 PERLFETY SArSRE) T he SadPRAT SBuled BrthiunirahtioAelivaks gor
32fichee eﬁt@a}pcﬁnﬂ] rSarthahears beispntroleddoroil-rade and tompositionat and
the I'Tt Hn é% St?. ”t]e% 6‘tted's %:Egh 5,[?(93r0f( lXc 00 %agthrqpea%‘[%%t’eé n%«ltnce S|
he”capac@ the external source s not |m| ed by eactor geométr?i g &
thgap@agafitientiorvbhyodalyshohbaowetks ofsustained produetion. tFomiddle
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Ga, e.g., approxmately 60 I%;&and multiple sources can be operated in
(

SPRCHE® RIPEE SR MTAN DAPTHE St ahidanmTatEnohabout fREHBrafenaly.

GJdvaﬁrmt@@s@atmt%wgmdh@&g Strigthsdinitedh crRRAGEY: Since theadvely,
G Fqurce must fi de the reactor an%THan be no larger th gk;the reactor
a5 16 BeRGYEG TR AR O pe P LB URREORE H507ER RO Tk
Althantbdg, of GA bl exarpleafod 3 kyofGa e haat aflepproxithatelytube 323 so
%20, cm_fill |th| nery ep is requir sclosure; of such
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‘fhﬁtﬁtﬁ e borapasiion Of thbi dowiddeamtibt e veled htrdieBE Bedhusdihe

exGRBregHs 0 { Gathis farmed insity; by.passing HiCl.and Aver the diguid g
Ga in the Ga source boat inside the 20reactor. The eff|C|ency of this

1%@&%%?&5&%@%?@ ORTERGIHENTEIRS M PSR BrBEgkmer does not
refoanditibngsergssthe-temperatiie hﬂtethers@w@ﬁ&ﬂm&naﬂe@lwﬁrrotusmmpcmtmc of
thCe fi @Xc gvalu fr m g %0& 00 9{}/ f&dg)/‘?ﬂa?ve be n r (é Eurthermore

he eve ecreases a 8 he flux of
GaGf ite] Lthé@‘eposﬁ@uamnéyoaﬂmny emm\ﬁ/atheatmmuanfqmr@tessﬁon/u ansfer
chHROLHONS ROl INGSERE3500S ARG INE.SYRIems AR mEthods of ?éhé%non

invention can achieve 75higher throughputs that can conventional HY

chaybesgigembly ARdthErress ViRaRiPrY RS ThrseIGRBLY HfcesAve Bl hmﬂé are

ideyiStams itﬁih@h&aﬁeﬂl@f%%iﬁﬁlfa%}@ﬁmmtﬁ net stndareizedy anchitk: 401
fact sucf systems are often individua deS| and fabricated for
R e R S R g
complex maintenance. Because they can often include complex and
fragile 30quartz components that are difficult to work with, such reactors
are time-consuming to
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disassemble and reassemble. In particular, the Group TIT source zone is
intricate as it contains a separate quartz inlet for FIR a quartz boat
positioned adjacent to the HCI inlet, a separate quartz inlet for the Group

Wereatrsap{which must be kept separate from the Group Ilbpfectigos4sso
and a possible additional quartz inlet for a carrier gas In contrast, the

S BUSIFI0S 300, 1V 200842 T425R CTIYS2007/084030 methods OF02 o
present invention are to a great extent adaptations of tested and
charaberdienizéel e sigHeknowrs RsrcBipPeteaisifityr thich v buegd in this
noptitgized for efficient operation and maintenance and which include
commerciall¥-available components. For example, the particular preferred
embodirEHT IRREBEH ESPEu ISt eer S Wit gatd VEIoe S epgugroud
48 lllpreescgarcplenupprand infelbportsypartiallyfabricate d drom tretakBherhe

19ate valve reatl)Jires only.a short time to open %nd close, and the Grouog?

sh%)u served to condult comnig ani overnt}%e reaction ¢ ambc: fo aintain a controlied wall
11 precursor plenum and inlet ports are considerably less fragilé. For -

fetheasal ten Sorgi Bl sor e sheterassandunsthoes: bfadisbirmpeltionbedmciuding:

vAehieyshighey dhtonghputs.that ean convetiona) HVRE syptemssiie s, and

qualitative design choices that differentiate s¥stems of this invention from
1BeBRveRtoNal VPESYStei Rt P EOPRHRIAG daaffitative bereft@igotates
inepiiaxiak grawity efficie aiascdastorgtilizations.and waler pregductiome susceptor

rates, and precursar. ytilization efficiencies, These surprisin itative .
B D L R Gy RRD B AGfr of
thegmpareEvorvantonankvPE s fisteticde8igget tdcharttites oment®0 friet

mefiaRIgtersHRsIRIS AP NGl ding teactar tuhe of AboUL 20:6M 1. roaction

diameter and about 200 15cm in length with a corresponding system of
DT HitoRT catedcbiieinarnpcirp ashiuvabie Sisitakial grewnirrnifold and flange
3ceftieiencies:ithecsatdefadabiadd dempnstratedbattheldMird systenas0fisirated)
ol _ies{;;,g%etrétion canrl:()]e {F% side_rabl%%gre ef_f[gignt than conventional HVPE

systems. B*S668F BBETY GB7084839 TABLE 1 - Epitaxial

growthi@ffieie AidiesrudResdtor thfsemationdadendiam dtesemidbil BiRedstar] box
4 1' F.”Qf&ﬁﬂ???xq 1%@?09?95&@@@}% Q@?cg to the front flange of the reaction chamber with a
gasket or O-ring (not illustrated) or the like made from temperature and chlorine resistant
materials, Gate valve 413 between the transfer chamber and the reaction chamber rotates
clockwise (downward) to open a passage between the two chambers, and counterclockwise
(upward) to close and seal the passage between the two chambers. The gate valve can be
sealed against face plate 415 by means of, ¢.g., a gasket or O-ring. The preferred material for
the O-ring is the same as that mentioned above for other O-rings. The gate valve preferably
also provides ports for gas entry as described below. The structure of the lower gas inlet, as
previously described, includes communicating quartz tube 323, flattened funnel 325, and slit-
like port 329.

Fig. 5 illustrates details of the particular preferred inlet manifold structures and their
arrangement in the reaction chamber assembly. Structures which have been previousty
identified in Figs, 2 and 3 are identified in this figure with the same reference numbers.
Considering first the surrounding reaction chamber agsembly, reaction chamber assembty 403,
including shroud 405 and reaction chamber 301, is af the left, while ransfer chamber
structures 401 are at the right, Susceptor 215 and susceptor stabilizing plate 409 are inside the
reaction chamber. Quartz flange 313 of the reaction chamber is urged against plenum
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Hot zone lengthcm40 # wafers processed simultaneouslyll Reactor
production times - wafer load/unload time Pull/push ratecm/min2 Total pull
and push lengthcm1600 Total pull and push timemin809 Wafer
Waddgpioagimemin9.59 Total load/unload timemin89.53 Operations/os4839
overhead%10%10% Total load/unload time in cont. operationmin52 02.2 -

stERitAxial 959@ Him o% Egv%fta}%C’M%“eatggg‘égg éh[(a;rrn Qwthy fat%“ 12

(3.3 00 (33 (urn mm) Layer thicknessum & to heat and
SURESIFIMOGRIES Yo YTow $aseaimtioeBoOperdbionnovertesiel 09bp09sides of
porotakgrowth timemm99106 Total wafer-in-reactor timemin151.0107.8

Considering now the inlet structure leading through slit-like port 329 for GaCl;
{preferably, but optionally, NH; instead). It is comprised of a quartz tube 323, and funnel 325
that is longitudinally flattened but extended transversely so that it opens across a significant
fraction of the bottom wall of the reaction chamber. Small beads or small tubes or any form
of & porous IR absorbent material fill the funnel 325. Insert 327 fits into the upper opening of
the funnel and includes slit-like port 329 that is angled towards the susceptor with an
cxtenston plate 335 that covers the space between the susceptor and the slit-like port, in
operation, GaCls (and optional carrier gases) moves upward in the supply tube, spreads
transversely in the funnel, and is directed by the slit into the reaction chamber and towards the
susceptor. Thereby, GaCls moves from port 329 towards susceptor 215 in a laminar flow
substantially uniform across the width of the reaction chamber.

Considering now inlet structures leading through port 315, these structures include
plenum structure 211, face plate 415, and gate valve 413, NH: (preferably, but optionally,
GaCl; mstead) vapor is introduced into the plenum structure through supply line 517 and
passes downward towards the reaction chamber through the number of vertical tubes 519,
NH: vapor then exits the vertical tubes, or optionally through distributed ports in which each
vertical tube 1s [tned to a group of distributed ports,, and passes around Hp 511 of the plenum.
Thereby, NH; vapor moves towards the susceptor in a laminar flow substantially uniform
across the width of the reaction chamber. Flow through each vertical tubs is controlled by a
separate valve mechanism 509 all of which are externally adjustable 213, The plenum also
includes tubes for conducting temperature-contro! fluids, ¢.g., GALDEN™ fluid having
temperatures confrolled so that the plenum structures through which NH; passes are
maintained within the above-described temperature ranges and so that plenum structure
adjacent to O-ring 503 are maintained within the operational range for the sealing materials
used in the O-ring. As noted, the preferred material for the O-ring is the same as that
mentioned above for other O-rings. Temperature control tube 505 is visible (a corresponding
tube 1s also visible below port 315) adjacent to O-ring 503. In typically operation, this tube
serves to cool the O-ring so that it remains within its operational range.

Gate valve 413 advantageously includes a number of gas inlet ports 515 as well as
serving to isolate the reaction and fransfer chambers. It is opened and closed to provide

controlied access for wafers and substrates between the fransfer chamber and the reaction
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Reactor utilization (R.U.) R. U. - growth time/wafer-in-reactor66%98%
Epitaxial growth efficiencies can be represented by the ratio of the actual
epitaxi al growth times to the sum of the actual epitaxial growth times and
wheaeactordpad/unload times. It can S5be seen that thc HVMpgystemsanekss
methods of this invention can be loaded/unloaded significantly faster than
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has significant advantages over Ga precursor source used in conventio
selppig égélyfs%wﬁg{f@a fﬁﬁﬁ?ﬁa&ﬁ% BlseRatarits Byeeds erintethebstpughpu
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reater than the efficiencies presented in.Table . . For example, even
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the reactor by the passing FICI gas over metallic gallium in a liqui
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am@BOME Y rand BrRCeSSIEANEIT ARS8 Qin fromm-akeut 60% to over about
QO%Ede endiré%%n Ga tempTrature‘), the actual mass flow of Ga precursor

(GaCty Wit Ll RHy ERaT 98 tHeSeVEP I S B aeG Bt dusb I ayoPia added
to Bacscutbe agespihediul-of Garpreedesopcan flows. For example, in the particular

preferred embodiment, it has been found that supply of purge gases through gate vaive 413

provides improvement by preventing accumulation of high concentrations of GaCl: vapor
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WO 2008/127425PCT/US2007/084839 vary even with a constant process
conditions (e.g., constant temperature and input HC1 flux). Further,
conventional Ga sources (in particular the liquid Ga boat) must be within

the r@aatorzand their capacities are thus constrained by reagtargeeimetiyss
The largest boat believed to be reasonably possible (and not believed to

di i know ig\,th rigr,art) in,a 5 conventional HY.PE .
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employ an external Ga source which can provide constant, unvarying flow
Ceﬁéﬁ%&wgs}oﬁ%a 160" gt B B A Gt TG ettt s spdRr0o Ve
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periods of time. First, this source can provide GaCl3 vapor in a manner so

that the Ga mass flux can be mea@@g}g@ﬂﬂ controlled even during

epitaxial growth. Second, this extermal Ga source is capable of sustained,
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ilgaldinend Qs afikilograms ofpreeusarA dgitionally AtRITESRIVQIRS BRI of
be o [&ited inieri(‘as or effectively unlimited operation. 5In summary.
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reactpr during whic: ual.growth is occurring. It is seen that the HVM.
et el A e B e o
qugFteolres (wisie E0myetitisnal [VRE systemstearcachidydlsutiedlR! Uyofarimat

holareithanabout 6. iAnd itis ppecied dhatihe HY¥MSYSIems dtom exicrnal

ZQmethOQS of this in\(ention vv_iII achieve even greater relative epitaxial
StgpS e IRES TH Al g drabmtionalNEXt EdReibishrghirktr the growth of
argehieyvghle-heaciat utilizationscant water ot glienraiesathaldataceh 111 source
. Table.2 demanstrate that the HVYM syste Q[A_@is.irnventi nc ‘n&bi mar
R L e R NB D R D B e
Granp Yehievableswsierprooiiction rates Reactor maintenance times and

wafepprgduction rales sttt Jeacircleaning dneCoanventionahiy. The

1-1N7PE FIVM # runs between in-situ cleanlngI
surrounding furnace 1s usually of a resistive type with at least two temperature zones: one for

maintaining the Group 11l metal at a temperature above its melting point; and the other for
maintaining the substrate/wafer at a sufficiently high temperature for epitaxial growth, The
Group lli-metal source equipment inctuding a boat for liquid Group 11l metal, the
substrate/wafer holder, and gas inlets are placed and arranged in one end of the quartz furnace
tube; the other end serves for exhausting reaction by-products. All this equipment (or at least
that which enters the furnace tube) must be fabricated of quartz; stainless steel cannot be used.
Most reactors process only one wafer at a time at atmospheric pressure. Multiple wafers must
be arranged in a reactor so that the surfaces of all wafers are directly in line of the gas flow in
order to achicve uniform deposition.

Wafers are loaded by first piacing them on a substrate support and then by positioning
the substrate support into a high-temperature zone in the quartz furnace tube. Wafers are
unloaded by removing the support from the furnace and then lifting the wafer off the support.
The mechanism for positioning the substrate support, e.g., a push/puli rod, must atso be
fabricated of quartz since they are also exposed to full growth temperatures. Supported

bl
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5 5 Time to open/close reactor min 26.6 Total thickness to be etched UM
1500 300 Etch rate um/min 8 8 Etch time min 187.5 18.8 bake time min 30
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wafers, the substrate support, and the positioning mechanism must be positionad in the usually
hot reactor tube with great care in order to prevent thermal damage, e.g., cracking of the
wafers and/or substrate support. Also, the reactor tube itself can be exposed to air during
wafer loading and unloading.

Such conventional HVPE reactors are not capable of the sustained high volume
manufacturing that is possible with the HVM methods and systems of this invention for a
number of reasons. One reason is that the reactors of this invention require less unproductive
heating and cooling time than do conventional HVPE reactors because they can have
considerably lower thermal masses. In the reactors of this invention, only the susceptor
(substrate/wafer support) needs to be heated, and it {s heated by rapidly-acting IR iamps.
Heating and cooling can thus be rapid. However, in conventional HVPE reactors, the resistive
furnace can require prolonged heating and (especially) cooling times, up to several to tens of
hours. During such proionged heating and cooling times, this system is idle, and wafer
production, reactor cleaning, system maintenance, and the like must be delayed. Furthermore,
despite risks of thermal damage, wafers are usually placed in and removed from the reactor
when it is near operating temperatures to avoid further heating and cooling delays. For these
reasons, the systems and methods of this invention can achieve higher throughputs than can
conventional HVPE systems.

Another reason limiting the throughput of conventional HVPE systems is that such
systems require considerably more reactor cieaning that do the reactors of this invention.
Because all internal components of conventional HVPE reactors are heated by the external
resistive furnace, I1-V material can grow throughout the inside of the reactor, and not only on
the substrate where it is desired. Such undesired deposits must be frequentiv cleaned from the
reactor or else they can form dust and flakes which contaminates wafers. Cleaning requires
time during which the reactor is not productive.

Also, the Group i1l precursor i3 inefficiently used; most is deposited on the interior of
the reactor; a small fraction is deposited on the substrate wafer as desired; and little or none
appears in the reactor exhaust where it might be recycled for reuse. The Group V precursor is
also inefficiently used, and excess can react with unused HCI to form chlorides (e.g., NH,CD
that can deposit on cold areas down stream of the reaction zone. Such chioride deposits must
also be cleaned from the reactor.

In contrast, the reactors of this invention have temperature controlied walls so that
little or no undesired growth of Group I-V material occurs. Reactors of this invention can be

more productive since unproductive cieaning and maintenance either can be shorter, or need
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15% Total in-situ cleaning time mm 339.8 41.1 - ex-situ reactor cleaning
time  runs between ex-situ cleaning 15
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not be as frequent, or both. For these reasons also, the systems and methods of this invention
can achieve higher throughputs that can conventional HVPE systems.

Another reason limiting the throughput of conventional HVPE gystems is that their
conventional internal Ga sources require recharging (with liquid Ga or other Group 1 metal)
considerably more frequently than do the external Ga sources of this invention of this
invention {(which are recharged with the Ga precursor GaCls). The external source of this
invention delivers a flow of Ga precursor that can be controlled in both rate and compesition
at maximum sustained rates up to approximately 200 gmv/hr or greater. Since the capacity of
the external source is not limited by reactor geometry, it can be sufficient for many days or
weeks of sustained production. For cxample. an external spurce can store up to many tens of
kilograms of Ga, ¢.g., approximately 60 kg, and multiple sources can be operated in series for
essentially unlimited sustained production.

In conventional HVPE systems, the Ga source has a strictly limited capacity. Since
the source must fit inside the reactor and can be no larger than the reactor itself, it is believed
that an upper limit to a conventional source is less than 5 kg of Ga. For exampie, for 3 kg of
Ga, a boat of approximately 7x7x20 cm filied with liquid Ga 4 cm deep is required.
Disclosure of such a large Ga boat has not heretofore been found in the prior art. Further the
rate and composition of the source cannot be well controlled, because the Ga precursor (GaCl)
is formed in situ by passing HCl and over the liquid Ga in the Ga source boat inside the
reactor, The efficiency of this reaction is dependent upon reactor geometry and exact process
conditions, ¢.g., the temperature in the source zone, and various efficiency values from 60% to
over 30% have been reported. Furthermore, as the level of the Ga decreases and as the Ga
source ages, the flux of GaCl to the deposition zone can vary even with a constant process
conditions. For these reasons also, the systems and methods of this invention can achieve
higher throughputs that can conventional HVPE systems.

Another reason finuting the throughput of conventional HVPE systems 1s that
heretofore their construction is not standardized, and in fact such systems are often
mdividually designed and fabricated for specific users. Lack of standardization leads to, for
exampie, slow and complex maintenance. Because they can often include complex and fragile
quartz components that are difficult to work with, such reactors are time-consuming to
disassemble and reassemble. In particular, the Group 11 source zone is intricate as it contains
& separate quartz inlet for HCL, a quartz boat positioned adjacent to the HCI inlet, a separate
quartz inlet for the Group V precursor {which must be kept separate from the Group 111

precursor), and a possible additional quartz inlet for a carrier gas. In contrast, the systems and
34



10

15

IS time to close reactor after unload Cr min 13.3 1.0 time to cool reactor
min 180 20 time to take reactor apart 120 120 time to put reactor back
together min 180 120 time to leak check and other

WO 2008/127425 PCT/US2007/084839

methods of the present invention are o a great extent adaptations of tested and standardized
designs known for Si processing, which have been optimized for efficient operation and
maintenance and which include commercially-available components. For example, the
particular preferred embodiment includes a Group I source zone with a gate valve and Group
11 precursor plenum and inlet ports partially fabricated from metal. The gate valve requires
only a short time to open and close, and the Group 11 precursor plenum and iniet ports are
considerably less fragile. For these reasons also, the systems and methods of this invention
can achieve higher throughputs that can conventional HVPE systems.

The qualitative design choices that differentiate systems of this invention from
conventional HVPE systems lcads to surprising quantitative benefits in epitaxial growth
efficiencies. reactor utilizations and wafer production rates, and precursor utilization
efficiencies. These surprising quantitative benefits are reviewed below using the data in
Tables I, 2, and 3, which compare a conventional HVPE system designed to handle one 100
mm diameter substrate and including a reactor tube of about 20 ¢m in diameter and about 200
cm in iength with a corresponding system of this invention.

Considering first achievable epitaxial growth efficiencies, the data of Table 1
demonstrate that the HVM gystems of this invention can be considerably more efficient than

conventional HVPE systems.
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TABLE 1 - Epitaxial growth efficiencies

Conventional

Epitaxial growth efficiencies HVPE HVM
Reactor Infermation

Wafer diameter cm 15 15
Reactor length ci 200

Reactor diameter cImn 20

Hot zone length cm 40

# wafers processed simultaneously 1 1
Reacter production times

- waier load/unlead time

Pull/push rase cny/min 2

Total pull and push length cm 160 0
Total puli and push time min 80 2
Wafer toad/unload time min 9.5 2
Total load/anload time min 89.5 3
Operation overhead Yo 10% 10%
Total load/unload time in cont, operation mir 52.0 2.2
- ¢pitaxial growth time

Time to grow template min ] 0
Growith rate (uf;?;?;n_} 200 (3.3) 200 (3.3)
Layer thickness um 300 306
Time to heat and cool min 0 6
Time to grow layer min 90 90
Operation overhead % 10% 10%
Total growth time min 09 106
Total wafer-in-reactor time min 151.0 107.8
Reactor atilization (R.U.)

R. UL - growth time/wafer-in-reactor time %% 6H6% 98%

Eptiaxial growth efficiencies can be represented by the ratio of the actual epitaxial growth
times to the sum of the actual epitaxial growth times and the reactor load/unload times. it can
be seen that the HVM systems and methods of this invention can be loaded/unloaded
significantly faster than can conventional HVPE systems, and thus can achieve higher
epitaxial growth efficiencies. It is also expected that in actual operation, the external Ga
sources of this invention will allow sustained operation for considerably longer periods than

possible with conventional systems.
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120 120 Operation overhead 25% 20% Total ex-situ cleaning time min
959.2 571.7 Reactor utilization (R.U.) and wafer production rate R. U. -
wafer-in-reactor time/total use time R. U. - growth time/total use time #
wmsosraiers) total use time for #rui (wafers) # wafers/hour #$hoursiweaiRidio
wafers/24 hours min 59%76% 39%75% 15IS

Because, in conventional HVPE system, the reactor is maintained at near deposition
temperature between runs, the substrate must be pulied from or pushed into the reactor at a
slow enough rate to avoid thermal damage. Assuming that distance of the substrate holder
from the reactor inlet is about 80 cm and a pull rate of no more that 2 em/min to avoid thermal
damage, about 40 min. are required to pull the substrate from and also to push the substrate
mto the reactor . Further, once the substrate and wafer are positioned in the reactor, up to 10
min can be required for thermal stabilization, reactor purge, and set-up of process gasses.
(With load locks the purge and gas setup might require 5 minutes each; without load locks,
setup would be much longer.) Thus, the total load/unload time is about 90 min, or 52 min in
continuous production {where some times would be shared cqually between two successive
runs).

In contrast, m the HVM systems of this invention, wafers can be rapidly
loaded/unloaded at lower temperatures without risk of thermal damage thus climinating
extended wafer positioning times. Becausce of their low thermal mass and IR-lamp heating,
reactors used (and specifically the susceptor and wafer in such reactors} in the HVM svstems
and methods of this invention can be rapidly cycled between higher deposition temperatures
and lower temperatures loading/unloading temperatures. Thercfore, the HVM systems and
methods of this invention achieve considerably shorter loading/unloading times than arc
pessible in conventional HVPE reactors.

Once loaded and assuming Ga precursor sources used in conventional HVPE systems
arc able to maintain an adequate mass flow rate of precursor, actual epitaxial growth times of
conventional systems and of the systems of this invention are of approximately the same
magnitude. However, it is expected that the Ga precursor source used in the HVM systems
and methods of this invention has significant advantages over Ga precursor source used in
convention HVPE systems, so that 1n actual operation the systems and methods of this
invention wili achieve relative epitaxial growth efficiencies even greater than the efficiencies
presented in Table 1.

For exampie, even 1f capable of adequate mass flow for an initial period, it is unlikely
that convention Ga sources can sustain adequate mass fiow for extended periods.
Conventional HVPE systems generate Ga precursor in-situ to the reactor by the passing HCl
gas over metallic gallium in a liquid form. Because the efficiency of this process depends
strongly on reactor geometry and process conditions (e.g., from about 60% to over about 90%
depending on Ga temperature), the actual mass flow of Ga precursor (GaCl) wiil also vary.

Further, as the level of the Ga decreases and the Ga source ages, the flux of Ga precursor can
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37341996 0.240.45 4.152.92 5.810.8 Reactors must be periodically taken
out of production for cleaning and preventive maintenance. Since the

HVM systems and methods of this invention can be rapidly cleaned 5and
wainiginedzthey can achieve higher reactor utilizations andpwafeszo07/084839
production rates than can conventional HVPE systems WO

V&QQ\%&%%%%%Jé&#%%:?c%%%%ééﬁé’ns (c. PEE”&%B%%“,%%&@@%%@ fun AT fiux).

on undesired locations in the reactor, e.9., on the reactor walls an
Figther fetsisnalorsh tio FRamp OReETE CarT e Basilea deantmet tgesishin the reactor,
2N BHEBLS LA CANSE RIQRNIEMS8 ) riialer Lontamination. £1eaRiNG dfeved to be
_required to r,%morve these undesired materials, and can be performed
reBHEP T SRt DR, Wi Ot dfs RS HHE Teattor o S 8er ftef ¢
caisassen blivipthesteactord hesituccleaningn s ofte apperiamned Bycetahingd would
vldiesited deposiisgut HG. After adyimber of inssity, giehings or

clg nings, more thorough ex-situ cleaning Is advantageous. HVM

systemeopf thisthsV@kiib ayseuire srsigesab e sy intsineaielanimy titmal Ga
sotfaneopyemtigRak VB & sYSiams Theireastats ALIMISINYENIOMBAYE, of Ga/hr

_walls with controlled lower 10temperatures so that little material deposits

T EREGT UMY WARTBRISUEHBHT TACoRPASESEBNYVENKGA) FP e ieadttdned

fooparatedphighestdeposition, tam paraturessothiatthe sarpe: amoumiaf so that
material grows on reactor walls and internal reactor parts as grows on th .

R R ) A T T R I e S

expRin ére thancissrashloblrpwanted Galbeanitboaliowed tectdepdsitrorrursor is

sufpReloryRlls and dnternah eReir %gaﬂéEP&%QQ%@HF'RB@IH%BESmulﬁpif%

systems, in-situ cleaning is required every 5 runs, during which I.5 mm o
IOHAVOH T B TE UhiSsiss FoncAREN XM WA HOMWS8Rthe reactor
interiarsumeantrashiifdnsititieleasing afithenteactarsolihisdnventionisor
Iso. pe ed every 5 runs, only a nominal amount (e.g., 20% or less.of .
o i i R B B bR OB ey aomige which
aciuill mlgirsownumjm elréactor tintefioH! (I factenssitd tleaning oh20thention
achlMM SYRIE S of this IRventign.could reasanably e delaved to. goly. every.. .

15 runs.) Therefore, in-situ cleaning times of conventional HVPE reactors
sugha Breass meisshaniers (6°15 Hndes)ssnpeiandintHe S eieaningd
métmR O thesiMMieactars@f M IRYERHAR: ralatAdSSitheHVM, systems. ks in
M%&i1 J”gﬁ lggn require considerably less ex-situ cleaning time than

CONVRTiIONEl HVPE systems. First, these HVM systems have significantly

shorterx@boooting/beatingltimes whichomuist-ptiece dedanddighody ction rates, the
dafg3P ?Q}B'f‘éeiydeﬁﬁ%&hfel GG PN%? 53‘}%&*‘1 of this invention can be more efficient than

disassembly/cleaning/reassembly times are similar to the shorter times
CORFBWAPFOTS Proteissihg systems, because the HVM systems and
methods of this invention comprise commercially available designs and

components already known for Si processing. The



designs and components incorporated from Si processing systems
include: rapidly-acting 30reactor gates, fully automated wafer handling
with cassette-to-cassette loading, the ability to perform hot load/unload,
sepaiatecoeling stages, in-situ growth rate monitoring and Qagdosks égis3e
prevent exposure of the reactor to atmosphere. And, as already

disc «ihe r rces, .6, the Ga boat, used in W
200855 T Lo S B L RS IR S i o
th&edinitedioapacis/imhigptaedsor recharging, whicheetisnbe perfogped
dUFFGUERREHHES further lengthens cleaning times of th&&&conventional
systERfd I Ephtrastinhdaexternal Ga sources of the HVM systems and
méthteBtHmig iHvertngan operate with little or no inferruption for 3
exténdedperibds ofdime. In summartareactor maifitenance times can
belstmimdmizedh by acfurther R.U. and a wafer productiGiitrate. This ségond
R.Bclrepeesents the ratio of the time that@viafer is in the reactor to the
supnofithe times that a wafer is in the reagtor plus theig7.5 18.8
cleaning/maintenance times It can be segsthat the HVA system and;s
methedsiafthisWnventian-ashieve a R.U.gf,about 75%.@r more, while g
conyentipnakiXIPE systems can achievesguch a R.U.,@fno more 10than
aboi# §0%. cleamiRelgtive system efficiengjgs can be reprgsented by wafer
production rates, which can be derived by dividing a number of wafers
progugad. bydhei0ial,lime required to produce these wafers. Since a

C%Bl?%%t%é’&leex‘?gﬁ@!%f?{n%OdUC“O” runs, in-situ cleaninlgs, and ex-sitl{ <

cltgani%g:% rates, compris js’d150 runs (according to the 's%umptions of
T E)Ig%100%5?Z%i;ifhdersgufgjfa{%% are determined by divic‘i§ g 15 by the flc'é%al

tm&g}c% C gtrfu%}ga 1a§twafers (including I63d/unload timé, in-situ clean,;ng
time, in-situ clean ) time, maintenance tifle, and sou%g recharge ti]m(é).

It E8R BEEEEE IR ThE%BES time the HVRBystems andthethods of thid
inyBYitd I Tetliites piiuce 15 wafers (fifis) is considétably shorter than
th& B5tH e Petithrda By Ednvention HYPE systems. THerefore, the ¢
sySteiidanFttiethods of this invention 2B&thieve an approximately Zfold
thidtigHpiiitptovement over the prior aftitAs discussél above, a gréter
thfatigripamiavprovesment is expected duririg actual ope#ation. Lakify,
caovsidbring wbemparative precursor efficiehicies, the HY systems aaths
métho dswb thistimgemtion utilize precursang; especiallys@a precursors! .2
more efficiently than conventional HYPE systems. This is exemplified by
thRedetar ini:alihe: 3r. W@n20084227425PCT/US2007/084839 TABLE 3 -
Piraedustenrilizations Precursor utilization - ammonia (both processes)

AmrbomiaEloywreactor time/total use time % 59% 76%
E. U. - growth time/iotal use time %o 39% 75%
# runs {wafers) 15 15
total use time for #runs (wafers) min 3734 1996
# wafers/hour 0.24 0.45
# hours/wafer 4,15 2,22
# wafers/24 hours 5.8 10.8

Reactors must be pertodically taken out of production for cleaning and preventive
maintenance. Since the HVM systems and methods of this invention can be rapidly cleaned
and maintained, they can achieve higher reactor utilizations and wafer production rates than

can conventional HVPE systems,
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Total ammonia flow time Total ammonia for 90 min slpm min mole
Conventional if's/PE 14 132.0 32.5 10 97.7 43.6 - HO (convention HYPE)
Moles of ITC1 /min during runmole/ nth0.024 Liters HC:1 used in run151.2
wgallsntegnvention HYPE) Input V/11I ratio Moles/min of apymanrindusnge
run Moles/min of Ga required by ammonia flow Conversion of GaClx to

GaN fAtial DOIASIMINOfGaHse LN HELAAionA MRIGS oL G3,Males Ot

Gaimin fof run
reactor walls and on other internal reactor components, and excessive growth of these
materials can cause problems, ¢.g., wafer contamination, Cleaning is required to remove these
undesired materials, and can be performed either in-sity, that is without disassembling the
reactor, or ex-situ, after disassembling the reactor. In-situ cleaning is often performed by
etching undesired deposits with HCL. After a number of in-situ etchings or cleanings, more
thorough ex-situ cleaning is advantageous.

HVM systems of this invention require considerably less in-situ cleaning time than
conventional HVPE systems. The reactors of this invention have walls with controlled lower
temperatures so that littic material deposits thereon during wafer production. In contrast,
conventional HVPE reactors operate at higher deposition temperatures so that the same
amount of material grows on reactor walls and internal reactor parts as grows on the wafers
and substrates. Table 2 presents a scenario which assumes that no more than 1.5 mm of
unwanted GaN can be allowed to deposit on reactor walls and internal reactor parts.

For conventional HVPE systems, in-situ cleaning is required every 3 runs, during
which 1.5 mm of unwanted GaN (300 um per run and) will have grown on the reactor interior.
In contrast, if in-situ cleaning of the reactors of this invention is also performed every 5 runs,
only a nominal amount (¢.g., 20% or less of the amount that will have grown in conventional
HVPE systems) of GaN will have grown on the reactor interior, (In fact, in-situ cleaning of
the HVM systems of this invention could reasonably be delayed to only every 135 runs.)
Therefore, in-situ cleaning times of conventional HVPE reactors are at least 5 times (and up to
13 times) longer than the in-situ cleaning time of the HVM reactors of this invention.

Also, the HVM systems of this invention require considerably less ex-situ cleaning
time than conventional BVPE systems, First, these HVM systems have significantly shorter
cooling/heating times which must precede and follow, respectively, ex-situ cleaning. Also,
their disassembly/cleaning/reassembly times are similar to the shorter times known for Si
processing systems, because the HVM systems and methods of this invention comprise
commercialiy availabie designs and components already known for Si processing. The
designs and components incorporated from Si processing systems include: rapidly-acting
reactor gates, fully automated wafer handling with cassette-to-cassette loading, the ability to
perform hot load/unload, separate cooling stages, in-situ growth rate monitoring and load
locks to prevent exposure of the reactor to atmosphere.

And, as already discussed, the Ga precursor sources, i.¢., the Ga beat, used in

conventional HVPE systems must be periodically recharged in order both to maintain constant
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Weight of Gaimin for run Weight of Ga per run - gallium (HVM) Input Will
ratio moles of ammoniaimin during run moles/min of Ga to meet \ATI
Conversion of GaCix to GaN moles of GaC13 dimerimin recd to meet

wadisignatmoles of GaC13 dimer Total moles GaC13 diner {Qrag,M0mmieao
weight GaC13 diner Total weight of CiaCt3 dialer for run Percent of

GaCl13dimer that is Ga Weight. of. Ga for run. Weight of Galhour for run .
P A ansEh Ut aahon U G ey (od J08h G A"
cop feneriviimed dnabls @by, firgheebnsidering tmta toomveltioraldd Y@ Eonal
syfustemsuitable for.a.do-amavalarcan be exRagted 19.use Apprimately
. 14 slpm (standard WO 2008/127425PCT/U32007/084839 liters per
STHIRE £ OF SRR ALKUPRRRY BTNt b f SondRd rrasb EdiVersion of
the Ga presursordntorGahdhenconventionat systemicanie expeeted tond
use approximately.1.8 gm/mi Ga. A 90 minute run, sufficient to grow. .
507 1 C at SO0 U IeraIBre FRa e SRSl R G o o i the
regigedctiareis abbatiBkytimof Galiniai80 usmdayehonha dSaemBwalernance

e Gacgfficiency:pfithe eanventonal YRR feasionisiApRIxImatel. 23% o
(= 31/151). Since most of the femaining 120 gm (= 15 1 -31) is deposited

“b8H e 18I BWECoPIHE FeartaFmid 1Y Thus viravamplireyeihg Brid rusanore
thihistexpected that even with recycling and reuse of Ga exhausted from the
reactor, the Ga efficiency of the %onyentional ENP{ reactor is no more
than SEBIOS ALl DRI I0HT BorTABEHUNA SytARSARF RIBHAES CaHeh can
bepEewpdrtatividiuse alonwe vamifionjadiovw dég (ha @sipin)cangutherefpredce
thé@g\’\%f%@. f@Wc@Q@o@n Wgrc%@@lo@@aﬁ%gwgﬁ%gggag%%ﬁ -,s%!:%a(n%’;_ g, 331:1[ ex-$Itu

gm). Therefore, the HVM systems and met this invention can
clerheva s EBIBISieS BID Toreexdsy 1o i withsutis iRt nd radde. divde
ratdp 4@ peihaps-80%ian greatenGaeficiensy withracyslingandJeyse0iica
d from the reactor. Additionally, since 15little of the remaining 83

oSt e e NG WP MALS B VodBeHRIBSs pend soure
recharge time). It can be seen that the total time the HVM systems and methods of this
invention require to produce 15 wafers (runs) is considerably shorter than the total time
required by convention HVPE systems. Therefore, the systems and methods of this invention
achieve an approximately 2 fold throughput improvement over the prior art. As discussed
above, a greater throughput improvement is expected during actual operation.

Lastly, considering comparative precursor efficiencies, the HVM systems and methods
of this invention utilize precursors, especially Ga precursors, more efficiensty than

conventional HVPE systems, This is excmplified by the data in Table 3.



unused Ga appears in the reactor exhaust where it is available recycling
and reuse. It is expected that with recycling and reuse of exhaust Ga, the
Ga efficiency of the HVM systems and methods of this invention can
veoch®0dtar greater. The preferred embodiments of the iny@REE007/084539
described above do not limit the scope of 20the invention, since these
embodiments are illustr seyeral preferre ects of the
invention. Any equwale;?tt em }%%lr?eﬁ%%%’eﬁ ﬁl{tggin?fec;% be within the
speneRf thisinyention. Indeed, various modificatidhsiofitherrventiog
addition to those shown and described herein, such a$i&ké&rnate useful
coffibTtatiohe b PecsRsments described, will become apparent to those
skimawire thesart from the subsequent deseription. Such hodifications ate
alser28imend8avtorfall within the scope ofithie appendeldiaims In thes?.7
faltealvimgrandiintheiapptication as a whotejlcheadings #nd legends a#é.s
used for clarity and convenience only. A number of references are
cited’heseinptioe BWEHD disclosures of which are incorporated herein, in
theiteentiratynhy defesence for all purposese urther, nane.of the cited
referemcesssegatadless of how characterizgd,above, is agdmitted as prior art
to the invention of 30the subject matter claimed herein. THE CLAIMS
Whatis-qlaimestis: BiwA:method for epitaxial deposition of a
mgneerystalline Group Il - V semiconductor material, whjch comprises
'RASLIAG AD-AMALRL 8fA gggeous Group, |} prgeursor %%%e reactant with
A0 ADAHN 0.3 GRSEPHP.1OYR Y component;as anothep feactant in a

gamcmm Oqlaqﬁ to (tjogo the semlconductg material; r ovmg exhaust
ggctuasl m&csgnngo?@a lae(é:{ti r%lroup i precu SOI‘ unreaCt ? roup v
0%52%%93 niéo nd %r action byproducts; anéiO Gheatlng the aust gases to
&tween 130 - 160 degrees Celsmst Yaduce
ﬂﬁ%ﬁs%ﬁiﬁ’r’f] L8 and enhance mantif§ciiite of the Q@?‘mconductor
n‘u‘&rgnedf Gamindoiliig method of claim | whefgin tHé’ $Halfsttases are
r\% d to sufficiently avoid condensation to facilitate’ @tgﬁ@d high
uﬁi‘eoman‘u“f {&lure of the semiconductofT5material.'”** 3. The method
of claim 2 wherein the gaseous Group Ill precursor is continuously
pr%‘ﬁ‘mfé‘a H'3hass flow of 50 g Group IIl element/hour for at least 48
HBRHSY 2B4%he method of claim | wherein the exhaust gases are reméted
By RHHE thig i Frétfieteaction chafibemis. The method of claimf#464

IHIEH TUthercomprisés thermally destruetingthe 0.0149
Conversion of GaClx to GaN Yo 635%
1\1;;);1?5 of GaCl3 dimer/min required to mect mole/min 0.0082
Additional moles of GaCl3 dimer % 16%
Total moles GaCl3 dimer for run mole (.82
Atommic weight GaCl3 dimer gm/mote 3522
Total weight of GaCl3 dimer for nm em 287.4
Percent of GaCl3 dimer that is Ga Yo 40%
Weight of Ga for run am 114
Welght of Ga/hour for run gm 75 gm Ga/hr
Ga utilization Yo 21% 25%
Utilization with Ga recycling (est.) %o 27% 80%

(a utilization is determined in Table 3 by, first, considering that & conventional HVPE

system suitable for a 15 om wafer can be expected to use approximately 14 sipm (standard

42



Is5

20

30

exhaust gases to form Group Il oxide solids. 25 6. The method of
claim 5 which further comprises recovering the Group Il oxide solids for
recycling and formation of the Group Il precursor. 7. The method of

glaipagewhigh further comprises contacting the thermally 30destrueiedosssss
exhaust gases with a solution to facilitate recovery of the Group IIl oxide.

iit%f‘Sanéle nq}r%pe %fo a],crr%%rrﬂa:.l' \AVQS%{{?}%%%QF}%E%J %f% o%%%.¥9%95n O%Q%Q}QI?% the Ga
nitr gen containing compqnen S ata monocrystalline Group [nitride
PSYRSViIdEd G350t Theonvethotb s cliaim8nwherairr thbinitsogerrcontatitiing 8

cRAMRPeNEnt is apnitregen cantaining g %m%bw PARRIA SAAIHOIRD fore
|

ion or radical generated by plasma-activation of nitrogen gas. 10.
TOFHES GO df Efafth @ whiarsi R il yaisabds ERatl &ﬂwp‘ﬁé%@r%ri%' ona 15 cm
w@RHium GorThound;sg thataveenacnystaline galiuwm pitide,semiconducior s 1y,

material is provided. 11. The.method of claim 1 wherein the gaseous ..
PR LTLP 125 30 SO bR IRACA TP O Aie o e
1s daliunrGiebls ¥eeinicondocter. Materakisprovided: with 1@ clihe méthod of

cetalaimeh which.further.comerises soRling the 18aclian GhaRPLL 10 18AYGe ore

or prevent de osj'([)ipn of the Group Ill precursor or reaction byproducts
R BeVidé 4 longer operating time before maintenance is required.

0 In c:batrmmmr@dt@ﬁ%m&m@ﬁ?i Bhafagp@ee@ii@mfdﬁ@?@&r ei,ﬁlmﬁia flow

cooled by circulating air externally arou e reaction chamber. _—
R L G B DA SR o « 13 6w
(c5sérhipondlictmfmaténdl Mivhiskicosmprseshadsaditbe ofvarBooupnHehicve Ga
oAIRSHISONfOn e 3% PNA ISAGANL- A FRYGS oL ST £ %%%tﬁbee%% bU8Rater

as another reactant, a a reaction chamber for receivi
CheHitiane foiieactonesrommine Senicondisctoomaterracenild ¢géieralingince
litexbaust @asesnand 20q-heating deyigesfeuheating.the exhavst 8ases.6Q: 8f this
un%%?cp .Jgagggga%fig %%\év?e%gt(g}ggc%g%g[)where it is available recycling and reuse. It is
expected that with recycling and reuse of exhaust Ga, the Ga efficiency of the HVM systems
and methods of this invention can reach 80% or greater.

The preferred embodiments of the invention described above do not limit the scope of
the invention, since these embodiments are illustrations of several preferred aspects of the
invention. Any equivaient embodiments are intended to be within the scope of this invention.
Indeed, various modifications of the invention in addition to those shown and described
herein, such as alternate useful combinations of the elements described, will become apparent
to those skilled in the art from the subsequent description. Such modifications are also
intended to fall within the scope of the appended claims. In the following (and in the
application as a whole}, headings and legends are used for clarity and convenience only.

A number of references are cited herein, the entire disclosures of which are
incorporated herein, in their entirety, by reference for all purposes. Further, none of the cited

references, regardless of how characterized above, is admitted as prior art to the invention of

the subject matter claimed herein.
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degrees Celsius to reduce condensation thereof and enhance
manufacture of the semiconductor material. 15. The system of claim
14 wherein the reaction chamber includes an outlet and 25exhaust

conduit for removing exhaust gases, including unreacted Group Il

precursor, unreacted Group V cm reaction byproducts, from

the reaction chamber, and the heating device is arranged for heating the
WhatQytletised gxhaust conduit to a temperature sufficient to prevent

condensation of the exhaust gases therein. 3016.The system of claim 15
which further comprises.a removal device for removing %;U}g ?
lﬁ?%

frdm the fe BB PEal depgsinp %ﬁ@wsma

semi@HIRUE A FBMOVAL devigeeRIAHSas:E Py MAdhaL IS @@@iﬁiu@@roup 1T precursor
associated with the exhaust conduit. 35 18. The s?/stem of claim 14

as onGAGRHAHFER ABARNSEE orf SRS RVIRS P ERNSTIR TaRTPer Starest in @

reactiBEJIRASHANS MAMbEE 4miNEI2008Hh2i42bREMM1E2O0H084838; inchitBng
The system of claim 18 wherein_the reaction chamber i cludes qwe ord P
unreagieq rs%harﬁ%@fé%e?ﬁ%&ﬂc%rea?na‘%ﬁgggpgﬁ%éfb (AT Gy R oducts: an

heatiQPEIAtYBAY ASSReRied withaaaer anbeefens o0 cintdatingealr (D&Ithﬁs to reduce
enclosure to lgwer th temperat?re of t &‘F eaction crggmber wall

condepeption Hssrabant FBpuRi iR B AT T SIS TrRLER ‘%%?fr%“&&?fb

5byproducts thereon to provide a longer operating time before
maintenagesisreadisediaim 1 2hcltia gystaimodiclaias hé wiicki furtheficiently

omprises a thermal destructjon r for ther esr cting the
ol S L A A UL T VBT SO STHS ) At ey apagyetr

mate@ Which further comprises a scrubber for contacting the thermally
destructed exhaust gases with a solution to facilitate recovery of the

Group Il oxide 22.Th stem of claim,21 which f rther rises a filter

o recova gL SR GE Sl R TP AT R o imuously
providdd l&mﬁda@f ﬁl@mlﬂf Feguisernp THe:Rystanhofic mméa\mmemmmﬂ

comprises a rotatable support for holdi one or more substrates upon which

mon stalline.s or material is to be de osned th
the ?iﬁétrgﬁ %%%ﬂ?nﬂgude%r%lﬁ?tr%}eaeﬁ%]r%?eéafgor introducing t%% pumping

thernZﬂfelamamm thexrdaection chamber in a controlled manner so as to
facilitate formation and

5. The method of claim 1 which further comprises thermally destructing the

exhaust gases to form Group 111 oxide solids.

6. The method of claim 5 which further comprises recovering the Group I oxide

solids for recycling and formation of the Group III precursor.

7. The method of claim 6 which further comprises contacting the thermally

destructed exhaust gases with a solution to facilitate recovery of the Group 111 oxide.

8. The method of claim 1 wherein the gaseous Group V component is a nitrogen

containing component so that a monocrystalline Group I1I nitride is provided.

9. The method of claim 8 wherein the nitrogen containing component is a
nitrogen containing gas such as ammonia or a nitrogen ion or radical generated by plasma-

activation of nitrogen gas.
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deposition of the monocrystal line semiconductor material upon the
substrate(s). 24.The system of claim 14 wherein the reaction chamber is
made of quartz.

10. The method of claim 8 wherein the gaseous Group I precursor is a gallium

compound so that a monocrystalline gallium nitride semiconductor material is provided.

11. The method of claim 1 wherein the gaseous Group 111 precursor is a gallium

compound so that a monocrystalline gallium Group V semiconductor material is provided.

12 The method of claim 1 which further comprises cooling the reaction chamber
to reduce or prevent deposition of the Group Il precursor or reaction byproducts therein to

provide a longer operating time before maintenance is required.

13.  The method of claim 12 wherein the reaction chamber is cooled by circulating

air externally around the reaction chamber.

14. A system for epitaxial deposition of a monocrystalline Group Il - V
semiconductor material, which comprises:

a source of a Group IIi precursor for use as one reactant,

a source of Group V component for use as another reactant, and

a reaction chamber for receiving the reactants for reaction to form the semiconductor
material while generating exhaust gases; and

a heating device for heating the exhaust gases to a temperature of between 130 — 160
degrees Celsius to reduce condensation thereof and enhance manufacture of the

senvconductor material.

15. The system of claim 14 wherein the reaction chamber includes an outlet and
exhaust conduit for removing exhaust gases, including unreacted Group 111 precursor,
unreacted Group V component and reaction byproducts, from the reaction chamber, and the
heating device is arranged for heating the outlet and exhaust conduit to a temperature

sufficient to prevent condensation of the exhaust gases therein.

16.  The system of claim 15 which further comprises a removal device for

removing the exhaust gases from the reaction chamber.

17.  The system of claim 16 wherein the exhaust gas removal device comprises a

pump that is operatively associated with the exhaust conduit.

18.  The system of claim 14 which further comprises an external device for

controlling temperature of the reaction chamber.
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19. The system of claim 18 wherein the reaction chamber inchudes one or more
walls and the external device comprises an enclosure which is operatively associated with one
or more fans for circulating air in the enclosure to lower the temperature of the reaction
chamber wall(s} to reduce or prevent deposition of the Group Il precursor or reaction

byproducts thereon to provide & longer operating time before maintenance is required.

28, The system of claim 14 which further comprises a thermal destruction chamber

for thermally destructing the exhanst gases and form Group III oxide solids.

21, 'The system of claim 20 which further comprises a scrubber for contacting the
thermally destructed exhaust gases with a solution to facilitate recovery of the Group I oxide

solids.

22, The system of claim 21 which further comprises a filter for recovering the

Group III oxide solids for recycling and formation of additional Group I precursor.

23, The system of claim 14 which further comprises a rotatable support for holding
one or more substrates upon which the monocrystalline semiconductor material is to be
depostied thereon, and the reaction chamber includes entry apertures for introducing the
reactants into the reaction chamber in a controlled manner so as to facilitate formation and

deposition of the monocrystaliine semiconductor material upon the substrate(s).

24, The system of claim 14 wherein the reaction chamber is made of quartz.
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