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The present invention relates to the field of sem conductor processing
equi pnent and net hods, and provides, in particular, equipnment and mnet hods
for the high volune manufacturing of Goup Ill-V conpound d sem conduct or
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A | arge nunber of nmethods have been investigated to further reduce the
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BRI EF DESCRI PTI ON OF THE DRAW NGS The present invention may be
understood nore fully by reference to the follow ng detail ed description

of the preferred enbodi mrent of the present invention, illustrative
exanpl es of specific enbodinents of the invention and the appended figures
in which: Fig. 1 illustrates schematically systens of the invention; Figs.
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fabrication of optical and el ectronic conponent’s, for Substrates for
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appl i Cga}l'}igrngsas may be hydrogen, helium, neon, argon or mixtures thereof.

Alternatively, the gascous precursor may be a Group III halide, with the method
further comprising heating the halide to a temperature below its melting point but sufficiently
high to generate a vapor pressure that achieves the mass flow. In addition to a gallium halide,
this embodiment is useful for providing gaseous indium chioride or. aluminum chloride
precursors.

Another embodiment of the inveniion relates to a system for providing a gaseous
Group III precursor for forming a monocrystalline Group III - V semiconductor material,
which comprises a source of sufficient amounts of the precursor for continuously providing
the precursor at a mass flow of at least 50g Group III element/hour for a time of at least 48
hours to facilitate high volume manufacture of the semiconductor material. In this system, the
source of Group III precursor typically comprises a container for holding the precursor.

Advantageously, the source of Group Il precursor is operatively associated with a
mass flow controller to deliver the desired amount to form the semiconductor material.
Generally, the source of Group III precursor further includes a heating arrangement for
heating the precursor and for generating a gas flow of the precursor. In addition, the container
may be operatively associated with a source of carrier gas and a related conduit that iniroduces
the carrier gas into the container in a manner which facilitates formation of the gas flow of the
precursor. When the gaseous Group I1I precursor is a gallium compound, the system is
capable of providing it in a mass flow that continuously delivers at least Skg gallium.

Containers of various sizes may be used, as desired for the high volume manufacture
of the semiconductor material. Generally, the container may initially hold at least 10 to 60 Kg
of a solid Group III hatide with the heating arrangement is configured and dimensioned to heat

the solid halide sufficiently to provide the gaseous precursor. The container can hold at least
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In preferred enbodi nents, the equi pnent and nethods are specifically
directed to producing GaN nitride wafers, and such enbodi nents are the
focus of nmuch of the subsequent description. This focus is for brevity
only and should not to be taken as limting the invention. It will be
appreci ated that the preferred enbodinents can readily be adapted to
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power | ERARGRu Be PR Lo R Rl iReF AR Ciaee BBl B RSB LG W 1

the | agmribeakiaR@a SySheBshsidtbd withlthe E@sdintreopbutdlids eheadatirgeas imothe up and
down. Tenperature ranp rates are in the range of 2-10_ degrees/second and

pr ef er hihg gakinaraichlotde deringithy hsalinesieeaaatsihe gaseous gaiyun traghigrideo f he

i ncl ud [e [ | d [ to
i i S Sfor R fndy b by SfpLE BB I 8B Shychor RERRE LSS

wal I's. The hackrbér paldred epieidinhan, the inviehBosproaidghsysemesthat fasibtatd high- si t u

nonitoring for growh rate, stress and of her pertinent growth par ters.
The i nVelHEE fuate ot 8eoBp loresaxeet TOféfg*EFF@ie_éan@_PR‘@ 5wl |
precur %@E&@mﬂ@ ?Irlr‘;»gésb s?aﬁ af ahc%r@oq’l'zﬂl?lelnlldss PloRC3 Gty ¥ eléhfe_ﬁ%il*a{ &Mool | ed

by an ectroni ow controller. There is no practical limt on the
si ze operthoer for aemmadf Blawpld hiurs wiithoet re@rivng intérrupgionrof thedogh splames can be

inth f 50 t 00 . 00 kg, | ' . | d
T T e L ) S o e U D
time. GoficiehGoBRAS bépRNidR rafed b tHeGrolp TN SMisHdufor kel eiilerltao sour ce

is based on the observations and discoveries that, when GaCb is in a
suf fi catdeast Y00 pw/haus oo 8i209men sihsirateshuting sheghme thabthe peespzsor & pyovidedibbl i ng a

carrier gas.through liquid GaCl3, can.provide a suff. ci j.on
rate of GaCl3®Ph S?rﬁgﬁm&faénci%dsetﬁﬁo t‘%ﬂ%\r@a‘él %&fcg)%g?lg(rﬁ\] ‘Tes£stt ?nggvrﬁ{\%?é%gdsc?t y
state fon h@mﬁ%ei B8 GorhEHP@E Troie 1 pfectRBO@ dip tubd b the cdB@Ger with an oullbte

i nvention includes equipnment for maintaining the GaCl3 at a canstant

t enper for bubblingr ¢rdersaas dhrpugh »Hapigvn thesepiane, syayeconalled copwasrinkb,
flow n contr.of | f I J f G kL Lvering
the. Catt3n6 S0 i R AR & SRR et et (TR AT oE 2]
of GaGidivernliidfer cangag te ABGkerteas 460a gaderous Jormhdthe @subtlIlipmedBaddr teposi ti on
rates in the range of 100 to 400 pm hour on _one é%O di anet.er substrates
or anyreathRIerong forGoapersion gl the GTaURALl BIPFUIHY 1t Eggﬂ&f r SCORENAYERT v or y
system fromt . [ o [aka- ' hotfurk GiFREr at ur e
o of 1 1 5B peC et thic GABbADAY irFudla (AR B oR réin WRRE ol

the carrier gas down to no more than 5 parts per billion; or a carrier gas filter downstream of

-}

the carrier gas purifier; or a container heater for heating the container to a temperature

sufficient to melt a solid form of the Group III precursor; a source of a carrier gas and a carrier
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The invention also includes an inlet manifold structure that keeps the
Goup Il and G oup V gases separate until the deposition zone and al so
provi des a nmethod for achieving high gas phase honbgeneity in the
deposition zone, thus achieving a uniformflow of process gases into the
reacti on chanber and across the susceptor supporting the substrates The

pr ocesgasdstef fo@ Wehttngdhs bﬁﬁeﬂ%is% Qecrfpdrstuendtiaaldayt LOPE;urm carrido@adlihe ow
velocity (therefore, non-turbul ent) and chenical conposition (therefore, a

uni f oreanfigpmd veith Bnusojdal bensls dorarrpudingipergnsvd heat exphaggs surfacs provagpatsfo

provi din [ I I (e t dhiGpup V gases
t hat S@%gﬁlgpg%gﬁ#egtﬁ?m dcfir{%{ %(é}r‘ggl!t%% %r?g%fg }érgfso%lg%’rﬂgggﬁé ﬁ%ﬂhwbﬂgk) ﬁ%gf the reactor,
and t ohaebi ndehdatedho Wnéthperatuke/of 110°@ et F°Cedr embsdiovendrgroliehrmani f ol d and

port structures and designed and refined by .node|i ng .8a fthows accordi ng
to primﬁeﬂwgt&@mﬁiﬁlwagﬂl&rﬁag&r gas; or afgpsualne APCH RO Eg"fi CFUYELT Ohet hod

to add, 8’%1%%)/ lirﬁ@ﬁfﬂlgﬂﬁ&uﬁ%s Qﬁ&a@haﬂ Egm%%lﬁng lah ier GhOURhvYyinB RS Sarfi@ @Rhance
the reaction efficiency of these precursors. In a preferred enbodi nent,

t hi s vdl tHe GoalpuldEpracuredriand shenclbkieg vedxiddvempodiing en aofulatmpact foer  form
of the Gqoup Il precursor Ga2Cl6 into the nononer GaCl 3. |In another
prefer?‘@éﬁ"é‘ﬁﬁ&éﬁeﬁ&ﬂ@e H% woul d include a nmethod for deconposition of the
anmoni a pr egW300of t#iQ EmBY AMRINirRMidb ek MR coARGRAPASHE EQIVes/ i, 351HR.

The invention also includes equi prment for autonmated wafer handling,

i ncl udvatgedfinlet.havilverheitet seddevabies i wigh sreletand|oydel ingfude dpinkess &te%eol i ng

compat B EREE ar BARPFARGRTLerE: Pl IROAGEPy o iy oyl e il

i nvent jnpRdebsgduadubdemhylasRelatud et anlcatlonebf tibeonigret, oic vatvelt inknd

outl et flanges and the exhaust systemand a specially designed pressure

r equl athe ivalved byidett tha inletval visetha vatlelvabveg redbe dlvenine farherHpglRde a

t enper at ur. cont. i hese 5 gas
phace. TUHE iR RR e bty b hREADALFARPLARE 5 BRGRRL ISR |
by pr odalidys silibor@drbide /a6l hivfidd) pprondicitide, slkihd@hitrifbefuseegiléradtyare of t he
entire exhaust downstream of the reactor .iis.controlled tq prevent

conden&nded Amgiphqug glicon layer, moﬁhﬁﬂg&%?m%?%e?lﬁt@%%@n 4>gas- purged gate
val ve to I efupg flePasklddWhbifndR] HeifRAES] fovRRdplbesal fedumldingal the
reactor and to reduce gas recirculation and reduce residence tinme of the
gases gaedusdforreath Giroup 111 preduidit toarraictmsroot Hrapdheréting palliom niveleithatent i on

include the use of a susceptor.that can | d .one or nore wafers, during one
o ow o dcpieneol dudiBaE Baatich Aol B4R EoBheTRipt S Tttt s ot e
tot hemﬁ"d?@rﬁ REREm M EHR Snd MiGlired BRAMIT aDiPressure above BifogphesePiestuyient i on i s

based on tThe discovery that specific netal halide conpounds have certain
uni quehetiegiteatarmergpe ta & tpezataretof at leastdrd 0% unieetinathe parssr gaspaio Rash

desi gned j.n .l i.ght ese.properties h i g to
deposi ?fdal 4%‘?‘3?1 f‘%ﬂ&/‘éﬁ‘é‘e g}o@ gEBre {ipor,And, ?r‘%)nc}] %ﬁ%@ ﬁém&%%‘%%]%% %‘%? ?B?%#%ﬁ%g
parti caldip 198 rkussarTidn tiattotdreh@tiontDho f&r syhihediriay aldreup iy hittibe oughput ,

hi gh uptime and | ow cost in a manner characteristic, of high_vol une

manuf adelivering. In aspects phihis eimlodimertnthe satrier grgndyatrained Gapng HEPEEMSG S (or
HVM s . characterized by hi r L ghnder. - ef bl i and
i gh cORIERE0 Vi teRiaionn ek AR bt ek I 1R BEMICR A b BT
that cenrdagoval eCaskate idliemurstin 8phitcpartilionparthe toder gasliapmeidedacsi on of

the material input to the systemgoes in t he produc nd i s not wasted.
Al t houBPWEHEE S dp &5 ditqrs Pefaninyiss ‘%SfGTQH? 5‘3&6@%&%@&5‘? é%tﬁasd%ﬁﬂﬁﬁl PRe

mat er i b bitp ADplcBlSs ihANas danamn ar ound 50
g Grou%ﬁple%rtﬁe}ﬁgﬁnglﬁt %%ﬁlﬁgs@ggﬁqﬂg%lqgg@h%ﬂur }fjgr a pleri od g(‘)f at | east 48
hour s, trichlotide. g G oup |11 el enent per hour for a period of at |east 100

hours, to 200 g G oup Il _elenment per hour.for a period of .| east. . one
week, to aleW'Ltt}E?ﬁ aél%e"g;(?@dtd@mﬂléﬁn a@’ﬂ?fﬁ CP’inilinnélﬁ%]ﬁSe?ﬂ%ﬁ%‘élFmﬁ%tﬁ P?hﬁ XA od
of at LAR6d abeFRAGm e byplitl IRAURELafABAGHINg doaled BBGFApTisPMDIEsd @60 Kg
in one vessel and for increased HYM multiple vessels can be operated in
ser i esalsdhiithirctha spopewifdes @ventpol | | -V material throughputs that are simlar
to those obtained in silicon manufacture. Equi prent utilization
nmeans the ratio of the tinme that the substrate is in the reactor conpared
to a given tinme period, such as 24 hours. For HYM nost of the time is
spent produci ng product as opposed to set-up, calibration, cleaning or

mai nt enance. Quantitative ranges for these neasures are avail able for
mature silicon semi conductor processing technol ogy. The equi pment
utilization for HYM of Goup II11-V material is on the order of about 75 to
85% which is simlar to that of silicon epitaxial deposition equipnent.



The present invention addresses the main |imtations of the current HVPE

t echnol ogy whi ch prevent high vol unme manufacturing This is done by
replacing the current HVPE in-situ source generation with an external
source and replacing the current HVPE high thernmal mass hot wall reactor
with a low thermal mass reactor with tenperature controlled walls. The use
of an external sour cegRIEFDINERIFTION EFITHE BPRAWENGSICti on to charge the
precursors, greatly rﬁET@5§TﬁE_Tﬁé“ﬁﬁﬁTﬁﬁﬁﬁT"ﬂTTTTfﬁTTbn. Furthernore, the
mass flux ofhe presqut Bwventimy miy be oedersipodiaorn fully by yelsyengpitodbe fallogring mass

flow cont.ral | er, resulting.in.inproved. c rol . of. r. .process and
i mpr ov‘get#egll Cl?.scr 1ano Wetmgﬁﬂﬁjﬁ?l eﬁ;&g@n}eg%%ﬁgé p\%s?lﬁ l?‘ée%ggl?’éﬁ%hg%nt rol | ed
val | s graafidorpelitesmboBniechi¥f HRAUVEEdn ad tHegpbnipddhtradnkhid; bot h
during growth and nmai ntenance. The ability to rapidly heat and cool the
substrate aFigo! plstritessehgmatiediyotrsigmsof thegpyr@tigbur e processes, which are
not practically sihle i (PE hot wall system The ability
to control ?’I% Zm%ﬁ%ﬁy%ﬁ%%’rﬁi?%ﬂgd%ggggémggs phase reactions and al npost
conpl et el y EigkmAatifigsivids prefeped rdastiorEthambres; i on of wal | deposits greatly
increases the tine between ¢l eani n%gF | eadi ng t e{:\‘i(‘é)rg[? .reactor utilization.

The pr esent Fignd eshemstically pgieagd SntTpgrepgiqn HWet al hal i de
conpounds ¢ : : Lt Pal-8 QHECRafiRN SMRRpEePasd tion of 111-V
conpound se%géggﬂtégﬁggéﬂéngsﬁnﬁgr oviede, In clonj unction with specific

del i very eqBigpailhtstraies atheadticallyt 4n dtermmizardaotant gassolef iredngamet. hi gh mass
flux to achieve and_naintain high depositi.on.rates on |l arge ar.eas_In
particul ar, TihEmsEsferae nagbes %ueﬁ%l@ { He SHPF JUYSWE (?Slgpgénstate to
per m t g3 ﬁgm@g'ysi cal neans, e.g. bubbling with a carrier gas through
liquid C13, "can provide a sufficient evaporation rate of GaCl 3, and that
GaCl3 assunes such a sufficiently |low viscosity state at tenperatures in a

range about apETAIINMDESCRIPIION O THERREEERRED EMBONIMENSShased on t he
fact that GaCl 3, in the |jquid phase ,and. i he. gas ase af, .t ratures
bel ow about Th@@*@%ﬂ@O%emﬁequ‘&Pgiewd %O@rff%ﬁ Ig“?‘gﬁ?‘r{ﬁﬁe ?8@?‘%@“‘3. mer
can b egl%l'ﬁi]’af:tﬁﬂngbf aﬁfugqﬁﬂ(/ %%E‘n%)%ﬂu?d QmitSRad®r wafers not Hithefld ipbisitile.t Théa2C16

C

rel ate orogall anes can al so be used as a Ga precursor. These conpounds
are si eqiipmentds Gapble®fvuttaingd produetispl indhat gvernerieds abwecksior sosHs. For

exanpl e nochl or ogal | ane, has_ t.he two brjdge Catom . ONB.
Ao ShoRITABEIROSE R Hegt 1 PO BB B BB o At sh Uyl Bl of b
(note Hh@ietbliesBdicion ikttt aiNdast b 3AFer\(6f & bawh of whlrs can b proddyed Aegonmel ng
to B.J.Duke et al, Inorg. Chem 30 (1991) 4225, the stabiljity af {a&% di mer

decr eatefounhowrs.i Fs Gemiprg-¥isomporad searicoriducion WalerpshRrodugedarg sHigbledor 1. 2

kcal / mpl_per Cl. s ti i . i 5 By ;
subst | FETBIPF e Pod Sl SO SRR e I e Rl ERURE b alREISY
at ons @RCfR GRS serhivenducas magidbpplatiomnoner, at a given tenperature,
woul d decr ease. . The growth of In- and Al -cont.ai i o ounds
can be achi Bvegfeges sgbedpagnih thegquipragniand o g@%?ﬁm cl ﬁ?ﬂ}vﬁp‘{qeﬁtegﬁg
limtat] . c r : j i sk B sstudhe -
I nC13 f-q(&p %lhgié a&@?&\?&%’t eﬁﬁggglgﬁgﬁ%ﬁﬁ% ih.}oén%glgi‘ocﬂruirﬁllocgdfJ for Gg 3 may
be nodiédceigtién Diefauieisfor bewjig batyumdshaiddwet B88Cakdntdsdiniting theonyawiony

quite difficult. An alternate apprqach is to he t he. | 3 to a
t enper &W@%@p{?ﬁ}%@ﬁéﬁ? PR Woboglﬂpe% gqnereg%b %%P{éggt% § Eogl}l‘émgs
suffici s f)f%tﬁgﬂatt'h%' 1‘6 1BGSEREARIL MERRSH hifite!l BldAFn nitride, add GlBedsubl i nes  at

178C an 90C and 2.5 atm The present invention described for
GaCl3 ammitnenfuabivhi/mditnonivpéssatmsl @tproduging watkesrof4inese Phekowhjsdeeaadir e and

t enper at ur.es apove .the nelti.n ai nt, of Al L I t-heral ternate
appr oafHCYELT |‘ffé’6d‘3993v%mfl‘6‘fmg ﬁ%fﬁ?n%éé"f? ng Se?f(?\gvgf {?eoqms { ?ﬁ‘& ﬂr}g\lf nt to
achi eve,@psitld defii@ikihotoRi 86 wiiBRNhe BERE D tids invehtiorl SO work. ALCL3 al so

forms a dinmer (A1C13) 2 in the |liqui Pha_se and in the gas, phase at |ow
t enper at ur eJhis invention can be particularly cost e fective because particulaf embodiments can

be realized by modifying equipment already commercially available for epitaxial deposition of
Si. Thereby, focus can be on the elements and features that are especially important to GaN
epitaxy while aspects related to high volume manufacturing, which are well developed in
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Anot her main conponent of this invention is a |ow theal mass reactor. The
| ow thermal nass reactor with tenperature controlled walls greatly reduces
the tine required for heating and cooling, both during growh and

mai nt enance. The ability to rapidly heat and cool the substrate al so
permts the use of nulti-tenperature processes, which are not practically
Possi bliBcdnetiRIcy! éte hviRRikal AWRd, lthsypimnment b thisdiveition it desigmtinol t he
wal | tenperature reduces gas phase react]ons and al nost conpl ?tel

el i mi nkaves significaatdulyicyele Bp that ffds cammblsrofgh velwpe B1apetagheRg] Mimdfeases
the tine het n j I [ . I Lld I : The
| ow ¢ HOVHRT e R R TRy 1630 ity It S 3FL Qiemvs e feleringand 01'G
wal | sysidifg did@ia that it hotachualig riepasitet had iethérefoenpdraasted &omsthe orctial | ed to a

specific tenperature. The current, hot | sysiens are heated by being
enc| osew@mhsr equippeRfewith Ihffﬂﬁqé{"m“?fﬁe@%‘ %lﬁ%/'ﬂf“f HEeRSRPES 2ol der and

subst r %ra%(fqnaﬁaé Etﬂecomﬁﬁcedl ﬁgeeof@ffﬂ%{re@@ﬁé&s? o achieve this including |anp
heati ng,” 1 nduction heating or resistance heating. In one enbodi nent, the
syst em consTk mvedtion indaddsthe oteeitemosanewrthomad massormsegpiont (fubstratea

substr at eater constructed of graphite., The qgr it e is heat . | anps
on ¢ heliims A0 ARG TR PR SroR g ERAPT FofEatt ety Buig, °
cont r ohd; Bk Wi NGt BncYd 1o5h¥inBf bd @fupRASe HokuRplor 6aS A6t Heaetheatdctdrevalier at ur e

control system consiSts of one or nore nethods to neasure the wall
t enper Fbhailemp heating systest is eginped atithongontrebsHsicAr RAFMH vanyf BEq9NCK chapgeem t o

adj ust, ejther caqoling.,or heating input | I LOLAd n the

t enper@tth? Em}ﬂs g?)ﬁ,l%‘g g{en\l}‘gﬁ&%s.s ﬁ%ﬁcegﬁoétc ﬁe‘@e&e%gﬁénleaﬁ{p%{a ﬁ@ %Rgfe% enper at ur e

i s conyrglrhse tbripbrdiamRehikiak, Bt W ahd dowhO TeMperanieranty raaks ardia theampeof wal | s

for cooling. The wall ten%(;r ature is not_ constrained to be constant at all
»18

ti nes; 2{lRaegrppracand and Ry pBthecerdend 4of degrasiisertdo vary the

t enper at ur e 0. i eve j g

rai nt enancerhé ERIGR iR RKRr PRI ARTRLERmRIITR o SAAMABMMR
pri mar ininim@n Widefisydread phaseadiciivns and mrever ddpsition apathé walis.nThe ladeof @all)

wafers, it.wll be appreciated that the equi t an t hods desgri bed
can bedgnosiion peEpisHREHPTEHE UsE © %?lgtf@‘)&mrﬁ‘lgw%ghg@ﬁgh %&?’ SFBSSzi‘Pg 8&& oduce

waf er s_ of- Rat't}génlﬁﬁlﬂ =V conpound sem conductors are within the scope of
this i%%%%?%ﬁ cordﬁlltér{é'ly, such equipnent is within the scope of the

i nventi on. Feativagionsineludseshet drmoarg lesietnal evuredsdpr thy Graty [ pwcwisotivut
intended Limtatiqn. Al so.the inventi,gn provides equifpment for high
vol urre%ﬂﬁ‘f"é’é&ﬁ@ﬁé‘pég P@ﬁk}ﬁﬁéﬂ%ﬁ%ﬁcﬁﬁﬁﬂﬁr@eggg _rf@rﬁ?%caon{com%g Struct and
oper at ;. Qo 1BF. ef1RhE RhoSHRABLIEAIOnAhe 5iRE of thé@RickRN Gealp BEsREAN WogR Il Y
realized/constructed by adapti ng/ nodi f%’lvtg%l exi sting VPE equi pnent that has
been desirgnenitsfinars earbd i thoramge of 80 1o/1 @ tai 308 kL eardsieven] souse O/ANEED; t axy.
To practi this jinventjon, it I.s npt.nec r uhgde : sive
and ti ﬁ%ﬂ‘ggﬁgﬁmsfﬂf&e%%’&g@yo erﬂ’étssivﬁ{r)ﬁ n&ﬁt’<'§f‘ﬁ§déS e%oc\rélg{a?lﬁctl n%hg:aﬁwgglnn%ﬁﬁt s

for GafNeQRpOstidd @FGQ%%@ RHredu NiSGhEAL C IThisSd @atke is badediondhe observations
hi gh-t hroughput GaN deposition equi prment of the invention. can he nore

rapi dl ynddideaveterohits shky Gagad s ik d Feidieenty deHispeily Fiie APYECAYHARY 1 nited
modi fications to.existing,S ' dugt LW R, Sl Al ong
wth ster woa el fietashRERT LG BHCICKR! bR B GRS i on
enconpass esGEl; NoMaha Kty tgtines such a suffidesttyrldivngsopsity setefim kb poatemeyl
description is first directed to the generally preferred features to be

i ncor pemResduehebrapgs ¢t 1 htodi30equi pnent for GaN production. Features that
can be reta S hg 18 BafRhinilS BRS RO uf Nodiiadt lefpasniiey
are wel | knganglﬂ}‘,%{l{t? eﬁglﬁteéé)ﬁgcﬁﬁ@?l%erent enrtl)lo%i rrentsf;]adi‘f:ferente (l))ﬁes of the
f eat ur esd pressuge thethe tavbercesdly skete ampéqimnengdor fidveng aventrolind anounbef gdsni t ed

t nmbodi 1 ol t Il .th f eat . .Ho { hi gh |

of  susTEPHBHNS B GotBH OO BB ATRan THEa Horaie g s MRds Y EstLr o

ar e adyantaGRAS,ANLIRGAICHHIR GABSEUI 06 2500h Rutkoatiingan 0ad | ocks
y

and fu automated wafer handling with separate cooling stage which
al | ows démsttiodnoaies imgthe mahge wif d 80 ite ¢0Gnay s oo 98¢ AP ramhgragteiibpeates @ 3y her

[ | i The | oadl | i m ks h
¢ eact oPUEeEA AT RE PR o i D8 STRERBhuCE: s or 3G Gach apor

and greatly reduce purge/ bake tine before running Mireover the automated
handl i ng reduces yield | oss and wafer breakage from manual handling of

wafers. In sonme cases a Bernouilli wand is used to handle the wafers which
allows to perform hot |oading and unl oadi ng at tenperature as high as 900C
and save |long cooling tine. General enbodi nents of the preferred

features of this invention are first described in the context of a generic



CA) . Preferred enbodi nents of the equi pnent and met hods of the

i nvention (for producing GaN wafers) are described in general with
reference to Fig. 1. Particular preferred enbodi nents are then descri bed
in nore detailed with reference to Figs. 2-5. Generally, the equipnent of
this invention is designed and sized both for high volunme manufacturing of

epi t axdaikaifiGhk hARiifeORith u@%ébdiﬁé %@Mmlpml& & pReGReBYd@batkensithaict i on
and operation. GENERAL EVMBODI MENTS OF THE | NVENTI ON For

conven{edbe and without limtation, the invention is generally described

wth reference.to Fi L in.terr f I.C : tems 1
for providi ﬁ@e B%VS%%Oggajsd)alg%lgd So@%egma&%@%gﬁ%esﬁhgﬁ’%ag@%@ 83? ﬁg%&

reacti gfm%m DR sepfde SaIIHS HEBitfonfohe Wabileo ploaides® iethod for achiddngot ed
above, HYMis an attribute of a conbi nation of _vari ous, c%g))r/él cal, features

of t hehighpephdsnbpmagsgity iiethgelspesiton zopeythas adhiagng puuforat By of pocess
EXTE eéﬁ?ﬁﬁ&g i Srduber and F{Jags ik @H&FPEBPS@E}O ﬂlg thd bitkusdbsysd em the
gas subs I um conp

L g
proces ystem  especially the ga onp6und vapor source, is an
| npor t gtesk @as ow ioldesidred tnbentbsantialkinoniforBah buRE1pr sclesie Sheeoraan-

briefly described. GaN VPE epi t i hesi zj N direct|
he s UMHRIEH BN oERL 8O B BB SR LU H0eaImEREB Riing ni ¢ Fogen
(N aﬂ%ﬂ@d%ﬂﬂ%ﬁ%&&%@@ by gﬂ%dé@gg L Dhrat@ BRmAFy iNRE Bor@d foR khd! Thiladndnet al

contai ning gasés in or m'xed “nitrides and optionally, one or
nor e dGpamté ghses irad prodédespaformhi distabeitr afrgas agossdbe width of Jhe rFagior, and to

Ga- ini i s, | | | ] | ori. d LLi
o SRl Vbt BEEAL R SR Sl
tri- et fdsralahd Whded BPmddelihd badMé%Yheealihg 1PrinEMRs. of fluid Benahiiest case,

the process is referred to as HVPE (Halide Vapor Pressure Epitaxy and in
the second &ke Movmipn dlst iatludespmicthoddp add eresesigreithephokly the Group Tilppe

chem cal pr rties .of n_(st.abi 4t i e require
That. et OBBrb e e BT s eI etk b TPERREHTEE) oML
passi Ngmbhin@HE thidwbeRtindloMs airRitdd foi theirtial Gacorhpositimt ofakd dintsa rdh of5tha
stable solid at anbient condjtions (in the_absence of i sfur.e) i.ch is
comonfiyoupibpreasqridachling thamopemsigatle dn @%h?r\ﬂrﬁfﬁ“g‘g% O‘gﬂ@@mgt ¥ so.

TMG and TEG ar | at 14l LAHLAS: ReToTa - Tgal! 92%0r e amSaly te@dHioni a
(NH3) ,ggﬁlgqg‘g%g%%ﬁlgﬁlgflgr& %éﬁgﬁl:ptgétﬂzg??g avalxﬁ%ﬁtgﬁeg&lsn ’ s(% an a?d yl iender S.
Al t er nadécohipopiias maphasthavated N2, e.g., containing Nions or radicals, can

be used as the. N-containj nlg gas. . Mol efc‘ful ar N2 %sgfu?lst(ﬁnt i al .ung eactive
with GaCl3 dhe tyantionasn BEAPLFPPIERsWRBHER Mt EL % 1 058 adi cal s
can be, or SRAL Efsdift-B-TBRRE oM JaPutt BSol Rk stagkd) IGRINGEIR! noMYorAd \Waféng
energy to split a nitrogen nol ecul'e. For exanple, by adding a RE
handlers, all of which are fully computer controlled and interfaced to the overall growth
program.
The invention also includes temperature control of the reactor inlet and outlet flanges
and the exhanst system and a specially designed pressure regulating valve that can operate at
reduced pressure and high temperatures. Temperature control in these areas prevents
premature gas phase reactions and minimizes deposits of GaN as well as various reaction
byproducts. A major reaction byproduct is NH4Cl. The temperature of the entire exhaust
downstream of the reactor is controlled to prevent condensation of NH4Cl.
The invention also includes a gas-purged gate valve to reduce deposits on the valve
material and the side walls of the reactor and to reduce gas recirculation and reduce residence
time of the gases in the reactor.
Additional aspects and details of the invention include the use of a susceptor that can

hold one or more wafers during one growth run and a susceptor designed to prevent

attachment of the substrate to the susceptor during thick growth runs.
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source to nitrogen line to generate el ectromagnetically induced pl asna.
When operating in this node, the pressure in the reactor is usually

reduced. O the known VPE processes, MOCVD and GaClHVPE have been
found to be | ess desirable for sustained, high Volume Manufacturing of
Goup Il nitride layers. First, MOCVD is | ess desirable for the growh of

films greatehe proami kumidicic dusd cmahé disadieey tapgmkificonctaldtadide campownde | ess
than 5% of the deposition rates achievabl e by H\/(FE rocesses. For exanpl e,
HVPE degyesertaip pnidee shemicaliropetiehand Higahgh cqunke ish a0 SIS fesied M yhi | e
MOCVD ¢. at are i.cal , itg-{ess
dosi r 2Bk AR Rl o TR AR S (NP depo I e g LV e

pr esengonpbubill €cthizaadicters,cidrib particalao palinmt wtrider witlGagetofyre npadiévshloni t h

HCL1. It has been found that maintainin suchha ﬁugcgly g};%,t}lti uid Ga in a

f or m thigh trenghnys highaemtimeeans 10w c9evin RS Fharacteaiifir oL PR Vo8P hi gh vol une
manuf aﬁ%ﬂﬁ%&g@ > difficult. Therefore, equi pnent of the invention is
primarily directed to GaCl3 HVPE for high volunme nanufacturing. .

Opt i onal | y, Fértthisanveakisn, "highiotené oranMBoMDngbfor FEVM) is @@{?@Wﬁ‘ghy Bighpuf f er

| ayers _and the Jike. However, use,pf. GCl3 PE.for hi

manuf aBEeHERY- P@hm“?(’é‘gsoaeéf?&ﬁn&% agd ﬁ@éﬂ?%%g}“%ﬁ?ﬁ? n'algﬁlltbgéﬂeéul{ g;?e 208 i ent
flowr drRtya639nO& thRah 8k ?_ﬁﬂ:eﬁeﬂh?kﬁcﬁtd&f efficlénty Aicadikaeplardedracyied er

| oadi ng/ unl oading in the reaction charrberc%;ﬁf or._.a sufficjient period.

Pr ef er afithy matariahinpuiigehe sestean gecs ineptbe pradyat andtienptovasied; Hulthoyslydhest argo0 t o

1000 pnt hour of N per hour .so.t i Vi e r one batch
of mul ﬂ%eemb@tfeégz)mﬁ%&?ﬁaf%%m%%d %%éhefxﬁg%ﬂéjﬁg% tgfggsta\}\lggﬁ%%@%’ of geposi tion
time f@nosiien rithl ek &abdil ayaidss0 Acgvilhdesuat(sachprsehiiungcdedbpadbtaon rate
requires that the source provide a nass fl ow of C13 V%‘D%{ﬂ ilt ut
appr oxperindelfyat past 48rhogem tgyl Mbebireup Bbelemsnicher apyPr 2peroA Pt 38st @er of
GaN conpr | ' I . [ [ QM 248 Ga
by et D16 RO B Ritbus B ERHIAIERE but Rl o e ek B o 0
suf fi cicefd Praipi I0nlanert pat hqirdoitecpdrand éffut bmstpnibuths A gqisal wdrdesapacity
recharge/ service the source are lieﬁné}mf t.o at

one r week  nore
pr ef er &1 ngmEoEK 0 ke By gperyfes @%@E@?ﬁ}&ébmﬁ)ﬁ@"??ﬁf ?aniq%e
prefer i 7 AL thrb@hpats thRasd sikPlav@ftBés (or
batcheéﬁ%?&%%%%ﬁefrﬁ}g%égﬁoﬁldgﬁzmgrﬁé@g}:ﬂy for %hpl east 1036, or 150, or
200, oobi2n8d irosiBoEh mafdecuer bat ches or nore. Such a source is not known

in the priof, art. .. Ihe equi pnment t he inventi Vi des Cl3
source t hat EBW@F@B%”&?%F@%E t?‘ﬁ raglrocfg:th? Emggﬁ# veesuggtreafq‘ge ?Srﬁe1 g%f ’ie%%&aat es
and dugahh 88810 LeRERHIRGRLE ALK 84 hows! BbeHVRasndreefthbitineta egeritn t he

past by certain physical properties of GaCl3. First, at anbient .

condi t podssinGpEiBici as appessditd setaurd colihyation sleapagos MaEdenirg Wyadidivenat i on.
However, it.has been determn t . I -mat i . ar e

i nadeqtringes Popesy WP%F%g”%%%%ﬁg%tggb’é@% 12133%%5@ dcl)l\?v{bﬁf g?&gggl%écond, GaCl13
nel ts gihrhesy. Ti&Cequanalent apbsatdarfot HEM be Greupnil Viyatenidjoomtheamddriodm t he

l'iquid surface. However, it has_al so _been determ ned that evaporation
rates abpalti7hiel8vavhichay Slmﬂ]@(/I‘kﬁhh@fﬁ#@o@ﬁpgﬁﬂﬁ%wquuéﬁ%g‘?t Furt her,

typi cal physical an oyl i 3 iR YARAR Ak 4.

agi tation, E&%‘%?Ii lﬁr@fzag%%ﬁt%%ﬂﬁq??t%g@ ?\1%{“?% ﬁfélrc ggse e\?gg%?g%tig%% 0’rnz;[? %

suf fi cigiatrhte iDecaSIE: BaRd RatioguF ot domviatowal HY Phaeacdratthiselajueus sethes,

What is needed is formof |iquid GaCl3 of suffi,cient I]}/ l.ower vjscosity and
it hasonisenl HheetVadvhilefonp parion W ap orn sl gsed LB R UPs IBBF % Pt el v
120C, d,85R8%sal byt about approximately 130C or above, GaCl3 assumes
such a lower viscosity state with a viscosity simlar to, _e.ﬂg. ,, that of
wat er. And fQuotvthentilizatomzshbeenhaiddane actha nehctiir socananrssliat ihistthe Hmehi s | ower

viscosity state, rout.ine physical neans_.are capabl.e of..eff.ect. y raising
t he Gaéﬁ@n%\?’gﬁgr%‘? 8 P?ﬁ‘gﬂg%*“ftﬁﬁ F?ﬁﬁr?ﬁ%a E)‘fbé@%aés ?rﬁgldﬁé g}egt%rllﬁ'\ge “mass flow
rates. conven ioxﬁﬁ &Rl RGLdrs, e vERCLD SO bedr of 65 B B0% Wl fopB HRMNeaitRs a
reservoir of ITirquid GaCl3 wth tenperature Ti controlled to about

appr ox st asl trost 3iClazadi heney Hde valphpsincthe ordes AE95%6ito elopaioc UG- tige close to
evaporati OF rate. Su%@%ﬁsi cal means can include: agitate the |iquid;
spray 0 ?ﬁ@?‘&l}nﬁap $PEYYas rapidly over the Iiquid; bubble carrier
gas through the liquid; ultrasonically disperse the liquid; and the I|ike.
In particular, it has been discovered that bubbling an inert carrier gas,
such as He, N2 or H2 or Ar, by arrangepents known in the art through a

| ower viscosity state of liquid GaCl3, 'e.g., GCl 3 at about 130C, is
capabl e of providing the preferred mass flow rates of GaCl3. Preferred
configurations of the GaCl3 source have increased total surface area in



i ndustry generally cannot w thstand tenperatures greater than about 160C.
Therefore, the invention includes sensing the tenperature of the GaCl3
supply lines and then heating or cooling the |ines as necessary
(generally, "controlling"” the supply line tenperatures) so that the supply
line tenperatures increase (or at |east do not decrease) along the supply

line from thig SedheBweNtincdldiessdarigd @aadlinitatondbOthc cappntdfVRBahyolb8OC, up
to a maxi mum at the reaction chanber inlet, which is 1Brefera't[)LIW/IHE{gbout

appr oxwireh pteyentdgh volugs manufacsiring: hisisslone by eeplacig the cwzgd Mosw t he

hi gh tenperature tol erance of I NgS,. o i : ) o]
bet t erSHEZICS STHGTRILAEL &L g‘@%%%%?%ﬁnr e %ﬂ? é gfe ,et%thlﬁe iengt %#h%%nﬁég suppl y
| i ne haideeiwhilecRahath ARpathaind neiss rdadomr métatmperahacineolicdivells.sFoul d be

short, preferably |ess than about aEE)roxi mately 1 fg., (qur? 2 ft. or 3 ft.
The prussolpecdoael sqpecesiimnnaisyiicdsed & LonProgPetian 1 ¢hares CEEESEHnt r o

system 17, . . r Q@ﬁ . Yol fork SrebP¥@nRE i on i s
pr eci s%eaggfnlp (rzrg'fm% &#hegtl@%cﬁg &§lgf]'n%§ﬁ%ﬁﬁggg%anbe%§%ﬁ% 0a bu%gl er

enbodi ggaablicd dieecBa Gl Anfdlaexrohicanass e wsamtoler, sesdkéipe i nproved ¢dngrol efiber at ur e
of the GCl3, the ressure,ewe_f t he EaCl and thtf% flt%w of gas that i(?
bubbl eHOWH RFaEFss eRe epreY’ yiclthi [ loRd TESIEAEPT IR en"oﬁ‘f‘f’ﬂ% pl e
be CO’\{«&%@%&&M@% 10 irh D RS RrB@ bR EGE S anPeolifE, HofESLrRIEREwIRAd 1S to

contro x by varying the flow of a carrier gas by controller
21. Raubinfehyceavidiclabiite tgapidipheposid corl thesubsirae sise pemailsdhppgeofdaulti- and

the like 71 can be used.to proyvide.additional. co ual GaCl3
mass fiPEReragrg P¥°°F??e§)r‘%ﬁ%h ?fgrnoggr@%@?lyipﬁts% ﬁ%ﬁlregé%:r? Jlltolﬁ{[gﬁgﬁ%g@ﬁ I'n
addi t i Qent. MEheR{UBSS U6 BortMe thd WAl EMpbaatoRUEAR S 84 phascenitionk hedlalmosa
pressure control system 17 placed on the outlet of the bubbler. The

pr ess uwoenpletalyralimisgtes wedl depagits.aEhmination &4 s@Hslcpesys Iseaally Incagasgiide fighe
contrgl .of the over pressure | . e container. Control of the
cont aiol??éweeﬂ’r‘gga%?%l?aﬁj%ﬂj clltelg%t%’lp@\nﬂ%%ﬂ{) je controlled tenperature of the
bubbl er andridsrefdndWventich Bibatddeoncie face thag aatdimmictal halidesoarpoingy @wde
determ nation of precursor flowrate Optionally, the container aéfs%l

i ncl udessd anan psigmat savgeeolar BV Eiodenosition of -V gorfiieougd spmiggpdudiors an

mat er iﬂ'g?ﬁd#%iﬁ%ﬂg{ﬁp&t}g@u\?gg ectit ddifery %ﬁ%ﬁeﬁ%ﬁe@hﬁ&ﬁisﬁn&@ﬂ@ﬁ;a and in the

i nlet n cont act GaCl3 are chlorine resistant.
For megudficiestiyplbink niss flax v adhédvelnad ethimhindyigls dedosition keet @ large, areas. thant al um
or a tantalumbased alloy is .prel;ffr rred. Further, corr sion .{)l_es'.stance for
met al  RBHPHe Mhsh acHebd33 o i BaFHIHIGURHOY VGBS L RIPYYSIGR r esi st ant
coat | f at | - ' ks k6 Qsh ERLOIGAE],, bAT 9Ovidk bisuffRiendor on
car bi g‘g}y@?ﬁ%ﬁ%%m&%%bggga“qhglrgi)":]ahz@rpgr%g@e@rgelh %ﬁandi ment I?ﬂhe net al
conponenpsratian rdie of GaCkdand that Gatlu essaumss [siden $udlieientbr oy Beneddy sialeot phous

silicon layer, for exanple SiltekC.a Ll gosteel (ra. ( Ial

avai | alSTRTIYRT BetanRe %%BPIEP?‘%%}HE;JO%%EE\ e%?\%tt?ruastg %‘%%ﬂ %Irt%?/%%%n

I NCr eaggda g i () i @R IRLANSRsA8R She 84 fliagd AGerBfrhitfRBRMS abduo#00°C
non-metal conponents, chlorine resistant polymeric materials (ejther

car bonisactusily pelimer. Jdleydremedal farmulsy for gherdiger can be wiitenbepas Eglla): o
enbodi S t he equi pnent of this invention can al so provide for sources
for & 69351"II netal organi ¢ conpounds so that MOCVD processes can be

per f or med. fpsddexaNB G, CNEEMRIGA rbgallasedtcdnalsotheqised atepGaiptectitson Cadseor
AN buffer layers, thin internmediate |ayers, |ayers ?f m X

) net al
nitri dexmpeumds ew soiatto Gratstqubmah Hhrouasdng e g fy Bté’n}sog:tgf FEASPIE uppl i ed
as known in.th rt.. latdiSs. & VDB Nheg one
or moré? cr(;]llj%m%@lgatntgrlr%s %?at%ﬁgl?gg@ g%gl}"lé rg lggé;ﬁfﬂcaltdurﬁse ANQHS% AsH3 and PH3.
For t hergimnGh-hd&bMomblidan biso by piptalel byt éotdbthetibsme is & cisand rapy veteion

sufficient incorporation, of typical growth t t ) LN a. and
ot her N Piscomnoypd) ﬁ@ow%ﬁ%ﬁm%reégg m‘%&r%r@ﬁz%gé‘#ﬁg’&ﬂ%&%}y (gt} ade
bl St}ﬂz%glal dec?éél"élégb?ﬂlh fhckdhsi¥chRfRhSor 8f BF tffihP GR-ShaRiS bPrqﬂﬂké@ﬁiﬂdler
gases are aval l able as cryogenic |liquids or as gases, also_in

cont ai par@l sobstitatioous! isteses biFl6uk ksaliol widseach &4 sebstitutiop dotrabridgieg 11

controlled hy mass flaw cantralle 1 and the like In alte e
enbodi ARt sﬁ“’tsﬁé ﬂéﬁ'q‘ﬁﬂ‘%[??é r‘?&J Sghs 1{%‘?%(%] @ﬁ{ale‘gﬁasg % &5%52%106 r(%&l{‘;l ed‘gé1 Qﬁé)ﬂrlé{ré T ces
of ot hg{veﬁe%ﬁéréﬁﬂe GhLRf ddasse. 2. REACTOR GEOMVETRY Next, to achieve
i ncreaSed econony, the reactor subsystems are preferably adaptations of

commercially avail abl e reactor syst eng Avail abl e reactors preferred for
adaptation and use in this invention’i ?16I ude as-is nost or all of the
features to be next described. These features have been determ ned to be
useful for H/M of GaN layers with the nodifications and enhancenents



General ly, preferred reaction chanbers have horizontal process-gas flow
and are shaped in an approxi mately box-1ike or hem -sphere |ike
configuration with | esser vertical dinmensions and greater horizontal

di rensions. Certain features of horizontal reaction chanbers are inportant
in limting unproductive reactor tinme and achieving H/M of quality GaN

waf ers. 3. Low THERVAL MASS SI JSCEPTOR AND LAMP HEATI NG First,
time spent ranping-up tenpergture afteigi i ntroduci ng new wafers and tine
spent ranpi ng-down twenpewatLr ’%Tteﬂr,_.wgmpeposi tion run is not productive
and shoul d be |inited &AM meni “Ther ef or ep ok REgE#u@E reactors and

o]
heat i ng equi pnent aw| t(z‘f\%aef’r e¥hal masses (1.e., ability to absorb
heat quickly), ang#he Vdwer the therwal masses the nore preferred. A
preferred such reactor is heated with infrared (IR) heating | anps and has
IR transparent walls Fig. 1 iﬁl | ustrates reactor 25 made of quartz and
heated by | ower | ongituékn _&Fam;_sﬁ27 and upper transverse IR |anps 29.
Quartz is a preferred”e ek1 wWal loraf®ri al , osiinge blnls sufficiently IR
transparent, sufficienify: est stqnts and sufficCiently refractory. 4.
CLOSED LOOP TEMPE m ON ER WALLS AND FLANGES Ti me
spent cl eaning reaction chanffer interiors is also not productive and al so
should be limted or m nim zed During GaN deposition processes,
precursors, 0 ) &b it aoens talfAI8) | Or
wal | s. Sucthge(re%rgsi ;Sfolrrl1 %Irl@%‘gﬁgensg% on ggﬁ@%‘?nsbiegl?\:ihg?cant I%Sﬂgm_t eg! or
abat edsibylaceqfipréitibagwithehd Emnjatia thatahede sbiveecirambotas egaily kegamea tigridy by

cooling themto an inter i.ate tenperature that.is.sufficientl i to
pr eventtaigoHfep B1it 8 CSS@E‘%@S Pgeg%ﬁdn‘fﬁﬂ% E}'Eﬁ?fl]é’?(f{% ;H‘ at%*?’aY ée thodle .
suf fi cf v SNCt rficANdERREEIChitO ArOMetdig: wal | s.

Pr ecur?%t%%%g%%&&%%f%ﬁﬁ%E pr(’)gf(iags%es cgn ense at_cbel ow agout 70 to 80C
t he prappeogealis tylpaodhadoCl; NHA @ippecgntdebas therhelting bont Biovherageareind GaN

begins to form and deposit at t erat ur.es _exceedi ng about 500 C. Chanber
@t s AR eP T £

wal | s BRSWOREHBIA SPET Rt e 'S preferably between 200C,

whi ch has baem, kesiiskst 1PeSaifthaisent by, § amsi TRé priesaan idvyndionm t
precursor and %yproduct condensati on, and 500C, which has been found to be

suf fi ciestibsd foowatCh cehpaintedifient toyoperatg & hozhar HhapnesnbATIH ATCEHA wall's. A

preferyed t erature range for h | 5. ] ibed
Temermﬁ@?@gﬁ?@&e tﬁeomﬁ %ﬁé’ro P“é&hgg%%egﬂgg{ﬁ’é‘r&@(ﬂ‘@e élgea%? ?%ﬁsﬁ 8%%]%%%“ Chanber
val | s. aiive TouE, RediingteRar Sltmeltii@pdiar towrhicse aseffievdy highl eper presstisd t o
sone degree by heat transferred fromthe

) .high tenperature susceptor. Fig.
L0111 ustl asesosk phlflenke orasadimgr AhCkngEhRGanK R a8 408 5 HhaRdtner 25
i's hou I | or partial shroud 37 and cooling air is directed
througﬁowwmggart%g% and over and around the exterior of the reaction
chamber. Wahhotherpaiadonipescataf thie imveaton Bd loy therfrahmass wwyetonetrodoand

o & VEerBIRssS Bt R CBIPCRUTE ORI ST d e BererTei T e
WARY-T i i E TO
sensor q@ﬁgm h@@)b@?@% oPRlth ah@ MRSKBAAHCES The BoilityPapifstheaCGABST

CASSET and unloading tinme is also not productive.
Thi s t theesubsratdalse pertiitsehe udei afindt-thyperatuonproressesg wihinkeare nelanashiselical | y

illustrat at 39. As _j own .in the t...1.hi.s equi e

waf er s Poqsgji‘a mhe gpugent H%P ¥ gﬂtdwﬂkfyd;i\e&l‘\/\ﬁéee?bs}h&rt8 &O%ﬁéé eri%g%éjtl ?%%62%%& er, and
gener aldgne ghafs%%eacﬁoﬁs and ARk GnipleElyalighibhies whlk defdsis. Bominaviefief s,
e.g., using transfer wands, between external hol ders_and the suysceptor in

t he renetlidoposits@rdadly indDeasesnthekiatechetveemaearng, fepdinedq MghyR A AL EAIYAN be
isolated fr nbi.ent exposur g. i i r f hapbers.
For exanpl e?ﬁ%g‘mf b’é’FP%lblP Sd%%ér?%&%celltb %g%%a?gsﬁgér@ﬁ(g{aﬂg ﬁgi eeféoé‘?ld the

ext er i gystGAMNWRE Hid inkaaidniBe val wWipoadieig cantblzdno bhperieampetaurer dhef er

chanber” for anbi ent exposure. After flusgﬁﬁg d preparation, further
cont r okhagrtdotwall sysemywehetred by bangraslo H‘@gﬁnéﬁ?j © PRYSYBFMCHH open

to_ per il placernnl. andu LSy Ak 10l ¥aTRLS AlimbACwSHOERRRT. HRUEBIRIRYSt em
al so pF VERTS exposure o e reactor Interior to oxygen, noisture or

ot her amph@hap) adeaivhdivhiantsestenceddates umgienpodimes, the stenn eonstdd and
unl oad of wafers. It is preferred to use a.quartz Bernoulli,transf.er wand
becaus el pfeacion GBaRbH FERBEITEY éﬁé"ﬂP"f‘FéZ #yd %?qbgwtﬁ é‘eﬂ%%ﬂnﬁwt%"f 0%?1’ fers

W t hout causing contam nation. 6. SEPARATE | NJECTI ON
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Process gas flow control, frominlet manifold 33 in the direction of arrow
31 to outlet manifold 35, is inportant for depositing high quality GaN

| ayers. This flow includes the follow ng preferred characteristics for the
process gases. First, the galliumcontaining gas, e.g., GC 3, and the

ni trogen containing gas, e.g., NH3, preferably enter the reaction chamnber

t hr ougiihs shgkiad i€ hbﬂé@b§ Jamiedh the oulside RO thchmart: xadtoouThe deartzreacteawilison
chanber because such m xing can | ead to undesi rablﬁ} reacti ons,

! ! e.g.,
f or ni nepndhsrpontswlssl wingEErEtRAtMEIgdyoingBet 6ases theawal] vmprradie coRtrel
subsequent.. GaN de Lt t . GaCl3 and
T BB sRaaPk bt s methods MG bR iBRh R RRER Mrichy R
CoNnpoSsiokit@ihs] ddnsiiasiewdlng féddbackosetent toeadfuss eidet ovolingtor hastingseputftotred t hat
the I'11/V ratio should vary over the face of e\[nhe uscegt(gr %aﬂ% SLﬁ’)pOI‘ted
waf er Well irgien to)maiptagniic fhpsratureAt et JHiEs: cnappihepympalimet, Ly wa
appr oxj 5% ir BYto tBS SxtbRG bIARPfcaXbPREEY $or 3% or 2%
or 1%{e %%@Fﬁsegqﬁﬂ{o}légp?gtf%?@%%u Xm[r)g té:)i mlarly substantially lrmi formin
time owmilingl Thpemilitanseraturd iseof ewwtreined ebswumsapt Bl titessoihgitergpsraturhe

GaCl3 and NH3 vel ocit rofiles shoul d provide.that bot t pread
| at er afMYrORER etmcégrgﬁng}eﬁ g a‘fyﬁge ?eél?ﬂf’f Qg ‘éerm?(SO‘feaﬁ% %ﬁﬁgar#%gre IHP%I ng
at thedﬁ%c ARkiledages have a non -turbulent flow that is uniform
across t %Byt%oof tﬁe reacti on chanber and preferably at |east_ across

the di amet eAltbbughttbe Sneme epthorfollowing desuriptipn s primarily rawrefpsed empedimgale
ircyl ation. . Legj f :
o e oorerpigaalinghiel G0 e A T B Aot Ul Bifinerld © one o

concenflgoli® Hescﬁ@&?édll%d‘eé(ﬁgﬂ AAptedbylonwod aerideaiill Brthewe o ko gasiuce
stagnation, are best avoi ded. _Preferred process gas %DW i s .achi eved
by car ehlers efcsiy@f thsy I ¥ regingting serpisandusiess aiegiiiin fig ssPPeCiHaly IBYPERPst i ng
reacti qn_ chanher - Fanl [ hod £E 6y tO the
str uct%?%osrgltnﬁ t S%Cél%sqtu}b%?eg%%g‘&l% %%?P?gﬁhgélg%gﬂ?%t fgeég?%acti on chanber
whet hethrb @66t oF Eeties afd eithoitiatydat limhaddrer they conprise two or nore

physically separate units. . I.nl et i fold designed and ricated to
have the f ONW%@VS@H&EPV%%FW%@eW%%S_EgﬁgFW@%{?@tW %{/(g% ?N@?eé? red
Pr 0CeS IS chAMRal (HRURIRICt o PSpciith. SHUIEEATBAbSmchisiof (RdKARHIRE QM.  Or

t he gas owinto a selecte action chanber produced by a proposed inlet
mani f obebndesdally redizbécomstreked bysidagtife/ modifidypn exisina ¥ BE leiwgmsot thaphas
packages known in the art. The pro d.desi gn n_.ther be iteratively
i pr ov BePkdssigard lyan W@E@@Gla&}gia?’ %?f’rs??‘? ?faﬁﬁcg? (flge%%f‘ﬁaﬁ%’é%‘ lfcgﬁ on.
First, iﬂv%nt{%@rﬁ NS R fLLGyAE \(ABLRRR A SxpARIveRNG GRRSCORRENRBIYeNSO t he
reaction chanber be distributed across sonme, nost or all of the w dth of

t he chdedering Fof ceemaming,allmempopkets dersGa denosivntequipmephEowrscigile sl ot s

t hrough whi,ch gas ,ca nter. ¢ di st.rj . r wi dt h
of ¢ he etiaprtiogd s PSR CaRFu Gl Thbh Ml Beh Bt Al ABI R B HORe

i Nt 1 0dpgRdly bAd B&Hofticdlly reiliRE bAgrictd fekGhStagetbd 4nd lshitctiIngdifiesticnbtough
the reactor to the desired reaction | ocation above the sqli%ggpt.or.. Furt her,

to prevestngpiprpesssng spskictionprovan eHEPRER; Aileye withspeh oA BYSYRE it s
advant ageous for the actual .i i f.h respect to the
heat ed® B%‘S’b‘rg W Vc?r’ttﬁ%i“l{’teﬂ%é’/‘p%l?{’aelﬁ%ﬁ‘%%gaetg 3%%‘%%@@%‘6%4‘%1% matel y 400- 500C.
Al t er nat el y Acthidinghy, e PUbncdschipianisiied diecteat the gepaaiédpmfrarctl so t he

process gases do not mx .in their yici.ni tg. Next .it Jr:)a be&g%found
that gheslseolr herispapenied iplosaiRtiag SHaUPRERtiPEHFRPTeBIF P G TBF e
GaCL3 and: N1 b $rGR0IAE ufe/TRk BYEbein ddHRGH IndlHRETLR Rhbin ibaeaRdar Y
purge gas OWS I nmpi'nging on or originating for exanple formunder the
suscepl@diffeasht Binbbdignenist Qiffdnent pnesefrthre Gadrss todedenMEbed canke paplebentaded t o

alter these f]lows tq.increas niformty of oSi tion a vel ocify or
pr evenﬁh%@ﬁ%ﬁoﬁl%ﬂmgwq@é&’te& oLé %Mlépelﬁggﬁ%ﬁ%fegfw bt %%jglr"cr%%]t s
wher e thfg‘l{a G138 o Bt hl ABr RRLEI prb@uictieRGhoR 0T e afiete feharasdid f er ent

inlets as been found advantageous to provide a purge %as fl ow
ent er i agvantgeotswndrtbacinchide chesntieto cesetiameading krad degks apd G T1atomEd NH3

flows to_cqnfine the process .gases abowve the int i {1 one and
to shi &t d@%@%ﬁ%@%?“ﬂﬂ’@ s‘faeggc%?h ?ﬁ%‘?ﬁ %%lﬁ%}ggn%eg Qe%%%ﬂll%) %11(51?1 For
these PHREIESa whler whil@INAHHBOGRUS cbslidgN ThotbadRcks @irgiatierundesitable of

carrier gas laterally near the chanber walls and a | esser anmobunt centrally
about the mddle of the chanber. _13.A'so, preferred inlet manifolds
provi de for dynam c adjustnent of, at F’east, one of the process gas flows
so that non-uniformties observed during operation can be aneliorated. For
example, inlets for a process gas can be divided into two or nore streans




GaCl3 nol ecul es whether in the solid or liquid or vapor phase are known to
exist mainly in the Ga2Cl6 diner form That formis actually very stable
up to 800C, Thernodynam c cal cul ati ons corroborated by gas phase ranan
spectroscopy have confirmed that at 300C nore than 90% of the gas phase is
conposed of the dimer nolecule and at 700C nore than 99% of the di nmer has
decomg$eslirk BE e bR 1d7aCASnd¥pRGERS minimize intrdductiba ofl bxgyenmol eetdraaper

injected through a nmetallic injection port kept at ten%gr tures at o
f Dari]

;
bel ow 8aratkyredurs pwrgsdaike tigre bsfore manmingYlorgpYar typguiem MESHLUER wi t h
the hot. suscept or i ' 10006 cdrpspdi@ailgn the
vel oci¥19ﬁg?sstaﬁg %%%5%%\“}%@?% Ié%@%g%iﬂ%@hgp 9ip‘)t‘afs/ﬂﬁ:’sr esl denge tinme th(la portion
of t heyshd®usédh@thandle thdwafdacehiph akewsriogserfoom lobwadimgland nologdweai n a hi gh
growh rate on the wafer. The GaN depositi.on process proceeds through the
adsor pemparapire galizB as ARG andrsaye lwe c9ebyhP®Si tion to Gad " with x < 3
until all chlorine.has bee ey dsqr hed-atiempbd@. It
is therefor eI&Fé%]iefneb&% I%engsp(gfrtglggp¥§ge%$ﬁ@%m%ﬁgnn§h ormof GaCis, A
pr ef erfedomBRiadia®atn o PERstemy dntvil Dieconierapparcetshovhibesti graeral imbodjmeats
quartz tube under the reactor chanber sj tuat.@gl&ugstteam of. the scept or

F

r egi oncantisiteuiicdy adaptadde PABITHBECOMIBFTEREY A% LEPIABE PAYRPSTy f unnel
Wi th i Melnt b ' thHolBndd @B thigdAvE@idon t he
f unneﬁ%glgw&%gﬁ%?o@éﬁﬁﬁ{eﬂeg{aﬁgrgjggg&iyﬁ%ﬁﬁgﬁgﬁr%r : g\repr eferred enbodi mlsrrllt uses
| R r adirlt ofdts preforred Rahmeytbal iobated dname of HedeRPIL.ONSR) serics ohaipgleranfer he

O e SRRt SEFL RSN AR TRl AR BB PAs

the ragy liHSke e s PiriOdat efckB absediBrnt. Asminetticabxdnple
teme?@?ﬁ%g%eﬁg%\g%%? nore pr efgirdaltbl é;épgc or higher. As the dinmer form

of GaQhd ineniinjeaultedsily bhedaptet todhe FESTUHRARaripeidtMATh3uE{-lake hot

f unnel égne, the diner will be deconposed to the nononer and be injected
in theCfdacti on chanber just upstream of the susceptor. Preferably the
regi on bet wpRR.rtAQnBUdRAESIOBf POichiphfent il 1Ga6dd; dMhoinybeioedatmodaing t he
susceptor is maintained at a tenperature abgove 800C to prevent the

r e- f or alivgafers) areldesatibed in gonepl afidy rebaensqibo Higmbnt 25 WRH PIRETSY SiC pl ate
bet ween the funnel_an h scept or mhi ch i : kh allgaht ng
ampe. PReagmst e 8 drisdPef HRAOR Bt b LRARELF o B e allgahe ™
SUSCEPIERyANE d¥ichid Em\WAREIR's SUSEIFRITADR sized botlhilfoe hiphsedpbomaaniiciutisg bunt i ng
can be of standard construction as general I%/ ][snOV\ﬂ_Ei n th artt. For
exanpl epitaxial Swi lexerp P Sebsyaisp apd alse dof anopy AL COSITEGIPPARFEIIPEEMEE- sili con

nitride, or alternatively, a refractory netal or alloy. The susceptor is
preferably nmounted for r i E'tgfaft. During GaN deposition,

, suscepforéF%%Wﬁ?W%ggkﬁﬁgﬁg?OX| matel y 1000 to 1100C (or hi gher)

and are mai phAéRREnBYce A8 ittt BmkiRibm nsineenionds katrdly desoibredtveitiper at ur e

control circuitry. To avoid form ng a dead zqgne benﬁ?th t he. susceptor, the
susceptaferenenintiing ipremerafithsge broy FRRsysiess: FHSERETY ‘Effprﬁﬂﬁﬁ@ R8T hi s
injection is..also adyva eCAUSE .4 Li. 0§ syl Fdewasinant ed
deposi g"f‘s(‘fﬁ(?frpc{uﬁ%)’d’ﬁgsﬁ%%%’g’o%l e © Eg(g%otélciﬁ gﬁls)cépt or ahd of adj acent
conpongpdtememat nmay al so be heated (directly or indirectly). The susceptor

can be configured to hold one or pore_substrates.. 8. HEATED UST.
React i on ché‘ﬁﬁ@ﬁedcﬂﬁ’PV“etH\%ﬁﬁBlaﬁng%eﬁifBW napgn O}EWQPFEQ’ Sé%%gﬁ‘@ 595 uct ed
fl ow of, e S: Ak henheagid-ABe£hasRer through the exhaust |ines
41 andhfeo%\/\gtg}sﬁt%dggggzhnée%t system 5. 'f'he exhaust system can al so include a
punp (42) and associ ated pressure control system (pressure control valve

(44), RrepSELErPaisRRER)oEREACassoci ated control equi pnent to permt
operation at reduced pressure). The outlet manifold exhaust. |ines. and

pressure cofibesirueiyigitkniirs sybsygen) the percssnans sulwaiger FSnerelly thesdiiE ur e
controlled to,limn n sat | { Wb ase&eand
reacti SHmB?%Hdiu‘éatpgr%%/%?eégﬁef{hyﬁ{cﬂg?n%?%% t et%:lg?lr\[?%t?gyggi%s; urgyl;q?zl;%?ed p?ocess
gases, afeafohdbasly Mddiibede aGAN 3TPHoatitary uamprisdsispithesizng Giaedifectly NpiieL

N H4GaCl4, HCl, and H2. As_descri bed above, tenperatur above ab

appr oxiswes) of atmaied SrRstReR PIUEOp SRYFE fPM H’%&Hé%qn@ 8 %@Tﬁl Cl

condens sy By PHNIS oTBURE (AbuPAl SithaR bk ABRRLOXITBLRY Yo AGriead the

out | et “mani exhaust system shoul d be kept above this tenperature
On the other hand, to prevent deterioration of sealing materials, the
outlet manifold tenperature should not,,exceed about approxi mately 160C.
Accordingly, outlet manifold tenperature T6 is preferably naintained in

t he range of about approxi mtely 155 to 160C by tenperature control neans
simlar to those used for inlet manifold tenperature control (Including




Fig. 1 also schematically illustrates a preferred enbodi nent of waste
abat enent subsystem 5 that provides for galliumrecovery and that can be
readi |y adapted fromcomercially avail abl e products. The stream exhausted
fromreaction chanber 25 passes through exhaust lines 41 tenperature
controlled at T7 to limt condensation of exhaust products, e.g., in the
range @friebast opially, ch8QEnie dorRatsad pasvidospeeificeiicironindopdetivitnt olhsur ner
unit 43. The burner unit oxidizes the ,ex?gu&h ases b&p@asai ng%lt t hr ough
hi gh tGaperainineesss srtualy s#liymraonpshlogids(at-hgT salligm ticplogde B 01 Bn.
The oxi dized exha ] D - A @MG). In the
count egagllljurnr?"é) f m\%aébﬁpoééé’ﬁeﬁ%]éﬁ%ﬁﬁ Qﬁgﬁ%zrﬁg‘? Ptgﬁjrr%% ’31?1 %%u a c((orq nt 23 rcurrent

f ashi ofirsiédsh) thepioeeds it efaveddan as TR (Hlide MrponBtessurs Epiday andrip thes

substantially all water sol uble an articul ate conponents fromthe
oxi di 2@60@(%M9VP§Nﬁﬁ%orﬂ%@cs}&ﬂ%géegs‘gﬁﬁﬁﬁysgas is then rel eased from

the system-Bf. chemical pipeltl 8F GRET BRIBiNy ALY tehi SOl RinaBe) reiitel thatl GdE
materi al s passes to separator 59 where particulate conponents, prinmarily
part i cudpat be gathdsized oxsithds (feregotion( kagd3).g., by passi@gdiah @gr 8 PoF CORRIIRE wat er

soluble ¢ onents, prjnar.il i ssol.ved . tifon can be
ot ai BB R SE Rt Guae bl et tPlah R b PR sAAe

cent ri £ UGakdQhich | QeHh@Y SibplRAGh %alefdQ%dahz afpbulegbazheniiogione d00 gbr she

i nvention can produce 60kg, or up to 120kg, or nore, of parti e (203

L r | a
dur i ngI¥&tindibh@arofolape ligtidsn The hecqmigininggea isaisyally FmeBR )=§¢a‘|5| at es
are collected and the .I'S | Vi vered and recycled into,
e.g., EHEP toﬁﬂ%ﬁyy%ﬁ? 3%q%¥%2ﬁ%i%§§%§.c ]é%cge?ge. g., Barman, 2003, Gallium
Trichl ori deal§¥MeETPla@0dstivaed NS ¢ gh cadhlhidd ¥ TonsTiraradinglercas bk ubddeas the
conponents are passed fromthe system A PREFEI?R%AR&%{LAR % | MENT
OF THENtaqumiinORps. Molenaat Nyjissubstpaltlly sngeagtyq Wip - 131erd, sy & i ment
of the_inventi t P o b Bedn 8% em il fleSar€fipodi nent
IS bas%rﬁc%sg t?%@é}ar}o‘]%?’f %&%ﬁ%ﬁgggﬁgﬁ gliép%ﬁég}%han EPSILON(r) series,
si ngl egatafrbyeRovidiiganerogac split f mionpdSibleelei Ear example, Avyoddugrdty many of
the follow ng features are specific to t?:\b{s referlred aﬂ}reeticgllaﬂrl in this
enmbodi $AMFRe tomikiRapaine o ganerqte glegramagielcall infreRdmlasgiaaiyhsy of et ar

arti
errbodimsp&sthg <6 RARe th.oR: b Aldhen. and adapt ation of other available
epi taxial reactors and are wthin the scope of the inventjon. Fi gs.
2A- C i | | ust Oétie laspaclBE pfocGmel MOEMLY end GeGEHYRE B bt ioandp hlset voi r

103, which can hold 50 .t kg, pf 13 and. ca ' i 0.0t as a

1 qui cestanle orirbinedanieR Yobae MRt ROt R Al £ 2307
150C, RASCHPARIKs BSFABR! f¥r e lboswHRiTifiimb ioReer vl Mes birdueahieodtde 105,

whi ch provide a controlled nmass flow of GaCl3 to the reactqr chanber while

i mi ti depositiopratesrits arg lGa dE® Yorbthesieppsomatesiashickeble by EY PERRCessSer voi r

includes intern ns_for enhangi rathen ;E’ﬂﬁ]rln | 13. In
a pref ?rr%‘&m@%mﬁﬁ?ﬁmﬁ%%ﬁicﬁ%%@ hg\f%%%ﬁ? épgh}o@fgr at us Ogg{bkﬂg%gi n the
art; i MECVe Rk aweypRADOIsREh 10 iese Seamd] GeCLAYPRasiess dairableysi cal

agitation of the GaCl3 |iquid, for spraying.the liquid, for ultrasaonic

di sper bedausst thismwogasg trquiresihat & gppby ¢ihliquid Ga be ﬁf@*?ntgétﬁlq ﬁea%t{qnafﬁ%@%%fnm
exenpl ary argan del ey S Gl SRk RRknAS Rt SPplyof
posi ti S%H%a%%ggaﬁ%&58%8%35%{1%%@ﬂ%%%‘?:@ess gas controlm%%bicnet ?%]‘}r To
limt tigeidl@ngtadfonh thdeermand Rastivepivith HGlend dabisreffides foshigh selupssi t i oned
adj acent to the reaction chanber, which here is hidden by cabinet 137.

Pr ocesﬁlagé’@c%@ﬁgﬂ%‘lhﬁé%’éﬁ- net 137 includes, for exanple, gas control panel
139 and SR B0 Ul ¢ dfthe invkhfioh N prvelatilyidaaakd By GSEE $T\IRES &5 Hogh

| i qui ds, such as a & up I'I'l netal organic conpounds. Optionally, the
suppl y vbivae thanufskedring r@ptidnally, it can alsteproaidsdaxMECYBe1, 618-H509HO0f i nner

[ i i th i d |1 .
o1 oo PHEClsets &R i ke Flovieaen Soeel G s il e HanBABe
l'ine Pn P quirdd §is%|ﬁ'cé Bg%ﬁ@l@ §hpdr the-acHReespsuffigientSRAC eate thiat Cricahsinaidedat i ng

medi u illustrates preferred s_upgﬁlhy assenbl ¥, 105 in nore
det ai | withelvietsrpion (kcdpdocwater iadinghAumdoading indbmigastioncamven 1% i nto

reservoir. 103, t thr h the in : (st it and
hen oattreraRbrie o A ar Gag e AL g B B BTy "
isolate the reservoir for maintenance and so forth. Valve 110 facilitates
t he purging of the system above the outlet and inlet values of the

contai ner system In particular, sincgccondensation can possibly occur in
the pig-tail elements 111, 112, valve 110 is useful in order to purge

t hese areas. Control of the container pressure in conjunction with the
controlled tenperature of the bubbler and the flowrate of the carrier gas




Optionally, a purifier capable of renoving noisture fromthe carrier gas
down to no nore than 5 parts per billion is placed in a carrier gas inlet
line, and further a carrier gas filter is downstream of the carrier gas
purifier. The carrier gas can be optionally configured with sinusoidal
bends, e.g., pigtail 112, for providing increased heat exchange surface

Pr oxi MEjoB | n@hbiE RN b& hodh@So tHaphsroximately bihgwafeBfdrand baih ol nuitiplat e t op
views of a preferred enbodi nent of the reaction chanber 201. This reaction
chanmbewathes raguires zo wakd thanede pstviyeharael depesitipe Hms Jongyep thipk Sebldayers.

t l.ar. b t t i t.h . i A nb
of - quartieinggie SR et iuOeR RS A oA f ERREE i) fidh oy MU0
SUPPOr ¢adReaMetak 8bdts BEsToRInhatelw280 of BEO giath@r200 surapétalbed00yudehick tyeum

The reaction chanber 1s enclosed in a_ shroud tréit, directs éogl i ng 65” in
or der ofifzaN cerapasesmbert aparoxematsly Wes elohe poLle Spds 3 &t e fy &ergh).

substanti.al | y | ower 1t : b Lakdoggneral ly has
a sui ﬁﬁﬁgg’lsﬁﬁ%aéf’Wéﬁ%%%%k’?&%ﬁgﬁ' %ﬁ%@%@%ﬁ%&%@ ﬁ(ﬁ?s I not hese fi gures,
t o expgsgudiodn iiteaapticin refidredes reclugesbwideehesare drhénlied geat modese pO5 and

the top 207 of the_shroud. Susceptor 215 (not visjble.in this awm ng) is
posi t i Werkd oWeF Preferbly eng pldpast $HEY §HQ E‘bf?ﬁ‘ﬁ?"efﬂ%& Mﬁj&ngg&” lgﬁfrr%rr%rrps

whi ch [ ' 4 Y, phatelQor bABRS of le Wargs)aad@y 209
is vi s‘?‘%ﬁ%ghﬂ%?ﬁﬁcﬁa%ggg‘?éﬁt‘%é‘%{%E‘?ro%cli‘%fs% e P e ot ho

r eact i mefeedtdyrfirat 1Bt t00pms1 5, ot B0, ionR&4 tod(f wafkxs cabatchessorupere. Sucha Fj g,

3Cillustrates a |ongitudinal cross-section through particular preferred
r eact | BHTEHRRAYMONFII R PAHi&t i ng for strengthening ribs 203. Illustrated

here are t %&{@ﬁérﬁeﬂ’t’% khe303en RA A SUAGLE, Wakrbe #ABoRAChHARGroblamnt i Si de
wal | 307. Quart | ange 313 seals the inlet end of the reaction chanber to

t he i nérder loahiket preftrraddiow sxtes anddlugaiions z Achigrigs ragorred ey rataehasierat  end

of the reaction ch er to the ogutlet. . i d : 15

pr ovi S‘FIS metﬁff P?sé%g’g’ Cﬁpﬁlgéjiggggd%%%e&l&g@rér&el? %gsgt;hg %ﬁtgo@%ornt%h, and
port 3&ICRLPYLSIRE ah®Vapdtichn BE fRiRAVSLY esblimalie Huseeq! Obad seegener al | y
positioned in sem -circular opening 319 so that its top surface

s | S
copl andaterwings thaeGaGh selflimation ates ges inadpgyate fprgrayiling @apsitang F%?‘i Pashoot h
surfacg i s presen i jnlhgt i d
ot r uct fpe B SEAhE A RIS B ETET, SR Shdch ) RN M| R 7 ERTLEEH O,
Wi t houfrolaB@Nipig stitfideu lI&ntever, ibisngsotieee dterhminad drt evepostion egeoare

Cylindrical quartz tube 321 provides for suscept o sup rt shaft on
whi ch préewasdeppovidipmpredielanasa éi‘h‘iag‘@egﬂgtﬁ‘% W@%ﬁaf o ng%le%‘b‘f %be
' eCtﬁ@%e‘gg&gg&’&Q O%Qer\@o{a&'i%ﬁ, 19 RUEAB! BibbuAk WNE twEer db Ret mbgegpt or to

preven zones ere process gases can accunulate. In particular,
bui | d exapofatiGa i3 sulficintly hecdusa Galldigikistkapwido b¢ rdlategly viscous, The i nl et

ifold st t ovi d . h h bot.h -
STt ke pothat BagsablS Sty ol SR Y i B Bl b s 85,
this tphe QREeNS didb@erfd Bl BOBhiAY Qf@iouﬁ%&r&ﬂhﬁfbbﬁlimw aitP&pecihity spbead

transversely (transverse to process gas flowin the react]on chanber);
this fapmetimapsn$3096 o dhowe.faads afsumie sycdadpvenvissnsiip state With g giscasity

transversel y-arr ed slot | | f..317 " . g ig. 6,

t he fuﬁﬁ%ﬁr i/% e@oﬁ%%@? T ﬁngﬁ%ﬁ rhltglg‘%%eno S%riv%'[gl{ %@nﬁlg(g)sféﬁ%ggﬁ%mﬂgénd a

si | i copveakhi88ty Raerbud/piyRichh@eciprotapable oflefedtbrbdrafsinpbb GaChyi des
slit-like port 329 for entry of GaCl3 from funnel 325 into the reaction
chanbeevapdmsion Rate sukficienthy do powidaibe prdered wassdlMpiieSpt i cs are | ocated on
each side of, the.funnel. g : I,/d ] | e 605
is insert ed‘ﬂ‘tcﬁ?rghn&??' "?%eeG%(gll}g g%rcté)? f?ﬁ%ﬁgﬁgﬁgﬁn{ﬁu e‘gﬁ%%‘ﬁﬁ %ﬂa %adtéﬁf!ﬁ,e

m ddl ewgth tbiiferbnn®l chaighid th absiheppiodithaclyfl 3072 asi frobiss physicabmdens t o
enabl e cl ose | oop control of th%pﬁpgt é?g ower. tlo mai nt %Iotﬁ b.he Si C beads
at a t &rsahencingsths evamsUtonggtsc Sush #RET pr igclpde:; aeilatdne HaUEHSPARg
port 3 . IS LN : ; qhfeabh MR kuidsaCl3 can
be int &%&%ﬁ%%%%ﬁh%agggﬂgﬁ%%ﬂgg%%@gﬁ%gliﬁir??f%%suceqkt hr Oth h port 329.
Al t er naltiayeliyallyadispesefthe liquidayndibe dikeairephriisulimtms beentdizcozered %ﬁﬁa | ower
portion of tube 323 so that ghe can, be ac%j vat ed%%é kge cre@éi n of

i ons oPulpblinecsigert parpigs gasy purl 35 Hes S b 05 e Rels S4PVHE P&8l'aced by
N2 which will be simlarly activated by the RF field. A SiC extension
plate 335 is di sposed between the slit port 329 and the edge of the
susceptor. This Si C extension plate i s heated by the main heating |anps to
ensure that the dinmer does not reformin the gas phase between the
slit-like port 329 and the susceptor. The tenperature of the Si C extension
pl ate shoul d be above 700C and preferably above 800C. Fig. 4



i ke port 329. Fig. S5illustrates details of the particular
preferred inlet manifold structures and their arrangenent in the reaction
chanber assenbly. Structures which have been previously identified in
Figs. 2 and 3 are identified in this figure with the sane reference
nunbers. Considering first the surrounding reaction chanber assenbly,

r eact iRuehATHREr AsesiiPbie4dIiquid GO o, GhTleudatbdb1307C, issapiblont chanber
301, is af the left, while transfer chanber structures 40é ar(?ar@t t he

ri ght . provisiephe prefars:damaps Slescapsof C@%iﬂrﬁfﬂrﬁéc uzatiess o5 e G3(ds de t he
reacti gn _chanber. r : r i it ged

agai nsstoubqegﬁﬁ?nmsc fera% B{rag s%%@%%aﬁ%?) gﬁ%ﬁo@&%ﬁ@%ﬁ gﬂgﬂiﬁg{g é%]égér eaction
chanbegetfel RAGRraand cohtesluRingtheutigiclemants ossalced theyre@rviingloaskepladR whi ch
is visible in cross-section on bqoth sides of ({)or.t 3%,;5 nsi dering
now t Hluptrated GaEls gewrge & qviiadnsRy v %‘&F@%\t&ﬂa}tfﬁ qugideraBisieraaer ey heacr 3
(prefeg.abl Li ' irSa 15ePI0R f RERaR U8 dotitsatol Z

t ube 3@%,?16%%dpﬁ(r}§felf” @5?%%%?%%%%??%%%%% fllgégittened but extended

t r ansvEIEepst Imar fdratpeiivd opetrisashd fdbsurs, teisg efethonr for aperiaskrist laapteomsot t om

wal | of the reaction ch r. Spal |. beads por |l tubes or any formof a
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Generally, for deposition of high quality epitaxial layers the inlet

mani fol d and port structures cooper at g4t 0 provi de a process gas flow that
is substantially lamnar (thus non- turbulent) and that is substantially
uniformin velocity and conposition. The substantially |amnar and uniform
fl ow should extend longitudinally up to and over the susceptor and



desi gned so the nodel ed GaCl3 flow into the reaction chanber is
substantially uniformacross the reaction chanber. Al so, nodeling of
i ntended GaCl3 flows has indicated that after the NH3 vapor energes around
lip 511 into the reaction chanber, this flow al so becones substantially
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vol ume manufacturing that is possible with the HVM net hods and systens of
this i narehe canted with a fangdisdica dayer ena berded@morphoys siicos layafot¥amPleact or s of

this inpv i on, J. ir ess r i I [ i.me than do
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(substrate/ waf er support) needs to be heated, and it is heated by

rapi dly-acting IR | anps. Heati ng and_ngling can thus be rapid. However,
in conventional HYPE reactors, the resistive furnace can require prol onged
heati ng and (especially) cooling tines, up to several to tens of hours.
During such prol onged heating and cooling tines, this systemis idle, and



Anot her reason limting the throughput of conventional HYPE systens is
that such systens require considerably nore reactor cleaning that do the
reactors of this invention. Because all internal conponents of
conventional HYPE reactors are heated by the external resistive furnace,
[11-V material can grow throughout the inside of the reactor, and not only
on t hepghulstal BpiMeBiseciilbrikSresiSah! RlymSHE MateidR I bitlied ca®pnst siliconest  be
frequently cleaned fromthe reactor or else they can form dust and fl akes
whi ch pdymens) aratpeefesied.-ers. Cl eaning requires time during which the reactor
is not productiyve. Al so, ot - .S fACl
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days or weeks of sustained production. For exanple, an external source
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and nmultiplg sources can be erated.in series for e i tm.ted
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been f gwHadcdrcrid@isEloscdrheddih.. ARhohdiethe félbowiap desngticoispbiscted ominlf t¢ he
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in sitembydipsstsitha afkmt cXirng GeVIPTERL FeagiartanedeRtion Sysiers cah by PEPBIRT nsi de
the reactotde tiGoSkldCliG el Nk &%@ﬁﬂd@iﬂchﬁe%%ﬁ%ﬂ%nﬁﬁ@@ﬂdr eact or
geomet ry and exact process conditions, e.g., the tenperature in the source
zone, apdifyagierising bdiipmencanduiebigemgfand fal63uinpnov equip®esth he iemiion
reported. Furthernore, as the |evel of the Ga decreases and as the (a
sourcea]é%é%c,l“dleﬁglef@ﬂﬁméﬁe%m%'the deposition zone can vary even with a
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met hods of this invention can achieve higher throughputs that can
conventhapodin dVRFBrevistehs box-like opfmmiphered ks canfigyratiomyyith fesserivesisghput  of

conventj onal HVPE systens is.that heretofor ir - [ i s not

st andaPtRASEDS apdier ﬁtef gﬁ‘ilz%”??é ﬁl%woéﬁs@% nng %@%S ioagggﬁoéﬁf%aﬁﬁﬁlesi gned and
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exanpl e, sl ow and conpl ex mai ntenance. Because they can often include

conpl eabindafersagi | e quartz conponents that are difficult to work wth,
such reactors are time-consum ng to disassenble and reassenble. In
particular, the Goup Ill source zone is intricate as it contains a
separate quartz inlet for HO, a quartz boat positioned adjacent to the HCL
inlet, a separate quartz inlet for the Goup V precursor (which nust be
kept separate fromthe Goup Il precursor), and a possible additional
quartz inlet for a carrier gas. In contrast, the systens and net hods of
the present invention are to a great étent adapt ati ons of tested and

st andar di zed desi gns known for Si procéssing, which have been optim zed
for efficient operation and nai nt enance and whi ch incl ude

commerci al | y-avai | abl e conponents. For exanple, the particular preferred




TABLE 1 - Epitazial growh efficiencies Epitaxial growth

ef ficienciesConventional HVPEHVI VI Reactor |nformation Wafer

di anet ercml515 Reactor | engt hcn200 Reactor dianmetercnR0 Hot zone

| engt hcmd0 # wafers processed simultaneouslyll Reactor production tines -
waf er | oad/unload time Pull/push ratecmim n2 Total pull and push

| engt hg MB6QQyw THERMAL MASS SUSCEPTOR AND LAMP HEATING

First, time spent ramping-up temperature after introducing new wafers and time spent
ramping-down temperature after a deposition run is not productive and should be limited or
minimized. Therefore, preferred reactors and heating equipment also have lower thermal
masses (i.c., ability to absorb heat quickly), and the lower the thermal masses the more
preferred. A preferred such reactor is heated with infrared (IR) heating lamps and has IR
transparent walls Fig. 1 illustrates reactor 25 made of quartz and heated by lower longitudinal
IR lamps 27 and upper transverse IR lamps 29. Quartz is a preferred chamber wall material,
since it is sufficiently IR transparent, sufficiently Cl resistant, and sufficiently refractory.

e 4. CLOSED LOOP TEMPERATURE CONTROL ON CHAMBER WALLS AND FLANGES

Time spent cleaning reaction chamber interiors is also not productive and also should
be limited or minimized. During GaN deposition processes, precursors, products, or
byproducts can deposit or condense on interior walls. Such deposition or condensation can be
significantly limited or abated by controlling the temperature of the chamber walls generally
by cooling them to an intermediate temperature that is sufficiently high to prevent
condensation of precursors and byproducts, but that is sufficiently low to prevent GaN
formation and deposition on the walls. Precursors used in GaCl; HVPE processes condense at
below about 70 to 80°C; the principal byproduct, NH4Cl, condenses only below about 140°C;
and GaN begins to form and deposit at temperatures exceeding about 500 °C. Chamber walls
are controlied to temperature TS5 that is preferably between 200°C, which has been found to be
sufficiently high to significantly limit precursor and byproduct condensation, and 500°C,
which has been found to be sufficiently low to significantly limit GaN deposition on chamber
walls. A preferred temperature range for the chamber walls is 250 to 350°C.

Temperature control to preferred ranges generally requires cooling chamber walls.
Although IR transparent, chamber walls are nevertheless heated to some degree by heat
transferred from the high temperature susceptor. Fig. 1 illustrates a preferred cooling
arrangement in which reaction chamber 25 is housed in a full or partial shroud 37 and cooling
air is direcied through the shroud and over and around the exterior of the reaction chamber.
Wall temperatures can be measured by infrared pyrometry and cooling air flow can be
adjusted accordingly. For example, a multi-speed or a variable speed fan (or fans) can be

provided and controlled by sensors sensitive to chamber wall temperatures.
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Total pull and push tinmem n802 Wafer | oad/unload tinmem n9.52 Tot al

| oad/ unl oad timem n89.53 Operation overhead¥d0%0% Total |oad/unload time
in cont. operationm n52.02.2 - epitaxial growh tinme Tine to grow

tenpl at emi n00 Growt h rateurn/hr200 (3.3)200 (3.3) (um nin) Layer

t hi cknessunB800300 Tinme to heat and coolmn06 Tinme to grow | ayer m n9090

@ 5. LOAD LOCK, CASSETTE TO CASSETTE

Wafer loading and unloading time is also not productive. This time can be routinely
limited by automatic equipment schematically illustrated at 39. As it known in the art, this
equipment can store wafers, load wafers into, and unioad wafers from the reaction chamber,
and generally comprises, e.g., robotic arms and the like that move wafers, e.g., using transfer
wands, between external holders and the susceptor in the reaction chamber. During wafer
transfer, the reaction chamber can be isolated from ambient exposure by intermediate wafer
transfer chambers. For example, controllable doors between the transfer chamber and the
exterior can permit loading and unloading and can then seal the transfer chamber for ambient
exposure. After flushing and preparation, further controllable doors between the transfer
chamber and the reactor can open to permit placement and removal of wafers on the
susceptor. Such a system also prevents exposure of the reactor interior to oxygen, moisture or
other atmospheric contaminants and reduces purging times prior to load and unload of wafers.
It is preferred to use a quartz Bernoulli transfer wand because it reduces unproductive time by

allowing handling of hot wafers without causing contamination.

e 6. SEPARATE INJECTION

Process gas flow control, from inlet manifold 33 in the direction of arrow 31 to outlet
manifold 35, is 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, ¢.g., NHs, preferably enter the reaction chamber
through separate inlets. They should not be mixed outside the reaction chamber because such
mixing can lead to undesirable reactions, e.g., forming complexes of GaCl; and NH;
molecules, that interfere with subsequent GaN deposition.

Then, after separate entry, the GaCl; and NH; flows are preferably arranged so that the
gas has a uniform composition in space and time over the susceptor. It has been found that the
1II/V ratio should vary over the face of the susceptor (and supported wafer or wafers) at any
particular time preferably by less than approximately 5%, or more preferably by less than
approximately 3% or 2% or 1%. Also, the III/V ratio should be similarly substantially
uniform in time over all portions of the face of the susceptor. Accordingly, the GaCls and

. NHj; velocity profiles should provide that both gases both spread laterally across the width of
the reaction chamber so that upon arriving at the susceptor both gases have a non -turbulent
flow that is uniform across the width of the reaction chamber and preferably at least across the

diameter of the susceptor.
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Oper ati on over head%d0%10% Total growth tinmem n99106 Total wafer-in-reactor
ti mem nl51. 0107.8 Reactor utilization (RU) R U - growh
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deposition zone and to shield the side walls of the reactor from unintended deposition. For
these purposes, it is advantageous to introduce a greater amount of carrier gas laterally near

the chamber walls and a lesser amount centrally about the middle of the chamber.
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temperature control fluids. For example, temperatures of 155 to 160°C can be achieved by
circulating a temperature-controlled GALDEN™ fluid. Other known fluids can be used for
other temperature ranges. The {luid channels preferably run in proximity to the temperature
sensitive portions of the inlet manifold, e.g., the GaCl; inlet ports and sealing O-rings.
Channel arrangement can be chosen more precisely in view of thermal modeling using
software packages known in the art.

GaCl; molecules whether in the solid or liquid or vapor phase are known to exist
mainly in the Ga,Cls dimer form. That form is actually very stable up to 800°C,
Thermodynamic calculations corroborated by gas phase raman spectroscopy have confirmed

that at 300°C more than 90% of the gas phase is composed of the dimer molecule and at

700°C more than 99% of the dimer has decomposed into the GaCl; monomer.
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As the dimer molecule is injected through a metallic injection port kept at temperatures
at or below 150°C, the decomposition of the dimer will occur only in contact with the hot
susceptor which is at temperature above 1000°C. Depending on the velocity of the gas above
the susceptor or its residence time the portion of the dimer that will be decomposed might be
too small to sustain a high growth rate on the wafer. The GaN deposition process proceeds
through the adsorption of GaCls and its further decomposition to GaCly with x < 3 until all
chlorine has been removed to obtain an adsorbed atom of Ga. It is therefore desired to operate
from the monomer form of GaCls. A preferred embodiment of the invention introduces the
dimer through a quartz tube under the reactor chamber situated upstream of the susceptor
region. 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 preferred embodiment uses IR radiation from IR lamps located and shaped in
such a way that the quartz tube and funnel receive a high flux of IR radiation. In this
embodiment, the funnel region is filled with IR absorbant materials and the radiation power
adjusted to bring the IR absorbant material to a temperature of 600°C or more preferably
700°C or higher. As the dimer form of GaCls is injected in the quartz injector and passes
through the hot funnel zone, the dimer will be decomposed to the monomer and be injected in
the reaction chamber just upstream of the susceptor. Preferably the region between the
injection point of the GaCl; into the reactor and the susceptor is mainiained at a temperature
above 800°C to prevent the re-formation of the dimer. A preferred embodiment is to use a
SiC plate between the funnel and the susceptor which is heated by the IR heating lamps to
maintain a temperature above 700°C and preferably above 800°C.

¢ 7. SUSCEPTOR AND MULTI-WAFER SUSCEPTOR

The susceptor and its mounting can be of standard construction as generally known in
the art. For example, it can comprise graphite coated with silicon carbide or silicon nitride, or
alternatively, a refractory metal or alloy. The susceptor is preferably mounted for rotation on
a shaft. During GaN deposition, susceptor temperatures T4 can be approximately 1000 to
1100°C (or higher) and are maintained by the quariz IR lamps controlled by known
temperature control circuitry. To avoid forming a dead zone beneath the susceptor, the
susceptor mounting preferably provides for injection of purge gas. This injection is also

advantageous because it can limit or minimize unwanted deposition on the underside of the
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heated susceptor and of adjacent components that may also be heated (directly or indirectly).

The susceptor can be configured to hold one or more substrates.

e 8. HEATED EXHAUST

Reaction chamber outlet manifold 35 provides for the free and unobstructed flow of
exhaust gases from the reaction chamber through the exhaust lines 41 and to waste abatement
system 5. The exhaust system can also include a pump (42) and associated pressure control
system (pressure control valve (44), pressure gauge (46) and associated control equipment to
permit operation at reduced pressure). The outlet manifold exhaust lines and pressure control
equipment (if used) are advantageously also temperature controlled to limit condensation of
reaction products. Exhaust gases and reaction products typically comprise the carrier gases;
un-reacted process gases, GaCls and NHj; reaction byproducts which are primarily NH4Cl,
NH,GaCls, HCL, and H,. As described above, temperatures above about approximately 130°C
are required to prevent condensation of GaCl3. NH4Cl condenses into a powdery material
below about approximately 140°C, and the outlet manifold and exhaust system should be kept
above this temperature. On the other hand, to prevent deterioratibn of sealing materials, the
outlet manifold temperature should not exceed about approximately 160°C.

Accordingly, outlet manifold temperature T6 is 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 allowable temperature for the seals, preferably

in the range of about 155 to 160°C.

e 9. WASTE MANAGEMENT

Considering next waste abatement subsystems 5, a preferred abatement system can
assist in economical operation of the invention by recovery of waste gallium compounds
exhausted from the reaction chamber. A single embodiment of the invention can exhaust 30
kg, or 60 kg, or more during (assuming approximately 50% waste) during a month of
sustained, high volume manufacturing. At current Ga prices, it is economical io recover this
waste Ga and recycle it into GaCl; precursor, thereby achieving effectively approximately 90
to 100% Ga efficiency.

Fig. 1 also schematically illustrates a preferred embodiment of waste abatement
subsystem 5 that provides for gallium recovery and that can be readily adapted from

commercially available products. The stream exhausted from reaction chamber 25 passes
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through exhaust lines 41 temperature controlled at T7 to limit condensation of exhaust
products, e.g., in the range of about 155 to 160°C or greater as convenient, and then into
burner unit 43. The burner unit oxidizes the exhaust gases by passing it through high
temperature combustion zone 45 comprising, e.g., H»/O2 combustion. The oxidized exhaust
stream then passes through tube 47 into countercurrent water scrubber unit 49 where it moves
in a countercurrent fashion with respect to water stream 51. The water stream removes
substantially all water soluble and particulate components from the oxidized exhaust siream.
The scrubbed exhaust gas is then released from the system 57.

The water stream with the soluble and particulate materials passes to separator 39
where particulate components, primarily particulate gallium oxides (e.g., Ga;Os), are
separated 61 from the water soluble components, primarily dissolved NH,Cl and HCL
Separation can be obtained by known techniques, such as screening, filtering, centrifugation,
flocculation, and so forth. A single embodiment of the invention can produce 60kg, or up to
120kg, or more, of particulate Ga;O3 during each month of operation. The particulate gallium
oxides gallates are collected and the Ga is advantageously recovered and recycled into, e.g.,
GaCl; by known chemical techniques. See, e.g., Barman, 2003, Gallium Trichloride,
SYNLETT 2003, no. 15, p. 2440-2441. The water-soluble components are passed from the

system.

e A PREFERRED PARTICULAR EMBODIMENT OF THE INVENTION

Next described is a particular preferred embodiment of the invention that has been
generally described above. This embodiment is based on the modification and adaptation of
an EPSILON® series, single-wafer epitaxial reactor from ASM America, Inc. Accordingly
many of the following features are specific to this preferred particular embodiment. However,
these features are not limiting. Other particular embodiments can be based on modification
and adaptation of other available epitaxial reactors and are within the scope of the invention.

Figs. 2A-C illustrate aspects of GaCls delivery system 101including reservoir 103,
which can hold 50 to 75 kg of GaCl; and can maintain it at as a liquid at a controlled
temperature of up to about approximately 130 to 150°C, and supply assembly with supply
fines, valves and controls 105, which provide a controlled mass flow of GaCls to the reactor
chamber while limiting or preventing GaCl; condensation within the lines. The reservoir
includes internal means for enhancing evaporation of the liquid GaCls. In a preferred

embodiment, these include a bubbler apparatus as known in the art; in alternative
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embodiments, these can include means for physical agitation of the GaCls liquid, for spraying
the liquid, for ultrasonic dispersal of the liquid, and so forth.

Fig. 2C illustrates an exemplary arrangement of delivery system 101 in cabinet 135
which is positioned adjacent to conventional process gas control cabinet 137. To limit the
length of the GaCl; supply line, cabinet 135 is also positioned adjacent to the reaction
chamber, which here is hidden by cabinet 137. Process gas control cabinet 137 includes, for
example, gas control panel 139 and separate portions 141 - 147 for additional process gases or
liguids, such as a Group ITI metal organic compounds. Optionally, the supply line {or delivery
line) includes a coaxial portion having an inner line conveying the carrier gas and the Group
I precursor and an enclosing coaxial line providing an annular space inside the enclosing line
but outside the inner line. The annular space can contain a heating medium.

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 internal bubbler in
the reservoir, and then out from the reservoir along with evaporated GaCl; vapor. They can
isolate the reservoir for maintenance and so forth. Valve 110 facilitates the purging of the
system above the outlet and inlet values of the container system. In particular, since
condensation can possibly occur in the pig-tail elements 111, 112, valve 110 is useful in order
to purge these areas. Control of the container 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 allows the complete delivery
system to 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. It also includes pressure controller and transducer
129 to maintain a constant pressure over the GaCl; container. Also provided is a mass flow
controller 131 to provide a precise flow of carrier gas to the GaCl; container. These act to
provide a controlled and calibrated mass flow of GaCl; into the reaction chamber. It also
includes pressure regulators 125 and 127. The supply line assembly, including the supply
Jines, valves, and controllers, is enclosed in multiple alaminum heating blocks in clamshell
form to enclose each component. The aluminum blocks also containing temperature sensors
that control supply line component temperatures so that the temperature increases (or at least
does not decrease) from the output of the reservoir up to the inlet of the reaction chamber. A
gas heater is provided to heat the inlet gas to the GaCl; source, preferably to a temperature of

at least 110°C.
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Optionally, a purifier capable of removing moisture from the carrier gas down to no
more than 5 parts per billion is placed in a carrier gas inlet line, and further a carrier gas filter
is downstream of the carrier gas purifier. The carrier gas can be optionally configured with
sinusoidal bends, e.g., pigtail 112, for providing increased heat exchange surface proximate to
the carrier gas heater.

Figs. 3A and 3B illustrate top views of a preferred embodiment of the reaction
chamber 201. This reaction chamber has quartz walls and is generally shaped as an elongated
rectangular box structure with a greater width and lesser height. A number of quartz ridges
203 span transversely across the chamber walls and support the walls especially when the
chamber is operated under vacuum. The reaction chamber is enclosed in a shroud that directs
cooling air in order that the chamber walls can be controlled to a temperature substantially
lower than that of the susceptor. This shroud generally has a suitcase-like arrangement that
can be opened, as it is in these figures, to expose the reaction chamber. Visible here are the
longer sides 205 and the top 207 of the shroud. Susceptor 215 (not visible in this drawing) is
positioned within the reactor. The susceptor is heated by quartz lamps which are arranged
into two arrays of parallel lamps. Upper lamp array 209 is visible in the top of the shroud; a
lower array is hidden below the reaction chamber. Portions of the inlet manifold are visible.

Fig. 3C illustrates a longitudinal cross-section through particular preferred reaction
chamber 301 but omitting for strengthening ribs 203. Ilustrated here are top quartz wall 303,
bottom 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 outlet manifold structures. Port 315 provides for entry of
processes gases, carrier gases, and so forth, and port 311 provides for exit of exhaust gases.
The susceptor is generally positioned in semi-circular opening 319 so that its top surface is
coplanar with the top of quartz shelf 317. Thereby a substantially smooth surface is presented
to process gases entering from the inlet manifold structures so that these gases can pass across
the top of the susceptor without becoming turbuient or being diverted under the susceptor.
Cylindrical quartz tube 321 provides for a susceptor support shaft on which the susceptor can
rotate. Advantageously, carrier gas can be injecied through this tube to purge the volume
under the susceptor to prevent dead zones where process gases can accumulate. In particular,
build up of GaCl; under the heated susceptor is limited.

The inlet manifold structures provide process gases through both port 315 and slit-like
port 329. Gases reach port 329 first though quartz tube 323; this tube opens into flattened

funnel 325 which allows gases to spread transversely (transverse to process gas flow in the
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reaction chamber); this funnel opens into the base of the reaction chamber through a
transversely-arranged slot in shelf 317. -

With reference to Fig. 6, the funnel is compactly filled with beads of silicon carbide
607 and a silicon carbide insert 327 in the top of the flattened funnel provides slit-like port
329 for entry of GaCl; from funnel 325 into the reaction chamber. Two IR spot lamps 601 and
their reflector optics are located on each side of the funnel. A quartz sheath 603 containing a
thermocouple 605 is inserted through the bottom of the quartz tube 323 up to about the middle
of the funnel height in the middle of the SiC beads in order to enable close loop control of the
spot lamp power to maintain the SiC beads at a temperature of about 800°C. Preferably,
GaCl; is introduced through port 329 and NH; is introduced through port 315. Alternatively,
GaCl; can be introduced through port 315 and NH3 can be introduced through port 329.
Alternatively, an RF field may be created as known in the art in a lower portion of tube 323 so
that the NH; can be activated by the creation of ions or radicals. Alternatively, some or all of
the NH; can be replaced by N, which will be similarly activated by the RF field. A SiC
extension plate 335 is disposed between the slit port 329 and the edge of the susceptor. This
SiC extension plate is heated by the main heating lamps to ensure that the dimer does not
reform in the gas phase between the slit-like port 329 and the susceptor. The temperature of
the SiC extension plate should be above 700°C and preferably above 800°C.

Fig. 4 illustrates a diagonally cut-away view of a particular preferred reaction/transfer
chamber assembly comprising wafer transfer chamber 401 assembly mated to reaction
chamber assembly 403. Structures which have been previously identified in Figs. 2 and 3 are
identified in this figure with the same reference numbers. Exemplary transfer chamber 401
houses a robot arm, Bernoulli wand, and other means (not illustrated) for transferring
substrates from the outside of the system into the reaction chamber and from the reaction
chamber back to the outside. Transfer chambers of other desigos can be used in this
invention.

The reaction chamber assembly includes reaction chamber 301 mounted within shroud
405. Ilustrated 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 chamber structures have already been described including:
bottom wall 303, side wall 307, flange 309 to outlet manifold, shelf 317, susceptor 215, and
cylindrical tube 321 for susceptor support and optional purge gas flow. The susceptor rotates

in a circular opening 319 in rounded plate 409 which provides lateral stability to the susceptor
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and is coplanar with shelf 317, SiC extension plate 335 and slit-like port 329. The planarity of
these components ensures a smooth gas flow from the gas inlet to the susceptor. Outlet
manifold structures include plenum 407 which conducts exhaust gases from the reaction
chamber in the indicated directions and into exhaust line 419. The outlet manifold and flange
309 on the reaction chamber are sealed together with, e.g., a gasket or O-ring (not illustrated)
made from temperature and chlorine resistant materials.

Inlet manifold structures (as this term is used herein) are illustrated within dashed box
411. Plenum 211, described below, is sealed to the front flange of the reaction chamber with a
gasket or O-ring (not iltustrated) 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, e.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
previousty 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. Structares which have been previously
identified in Figs. 2 and 3 are identified in this figure with the same reference numbers.
Considering first the surrounding reaction chamber assembly, reaction chamber assembly 403,
including shroud 405 and reaction chamber 301, is at the left, while transfer 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
structure 211 by extension 501 of shroud 405. The reaction chamber flange and plenum
structure are sealed by O-ring gasket 503 which is visible in cross-section on both sides of
port 315.

Considering now the inlet structure leading through slit-like port 329 for GaCls
(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 a 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

extension plate 335 that covers the space between the susceptor and the slit-like port. In
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operation, GaCl; (and optional carrier gases) moves upward in the supply tube, spreads
transversely in the funnel, and is directed by the slit towards into the reaction chamber and
towards the susceptor. Thereby, GaCl; 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; instead) 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 is lined to a group of distributed ports, and passes around lip 511 of the plenum.
Thereby, NH; vapor moves towards the susceptor in a Jaminar flow substantially uniform
across the width of the reaction chamber. Flow through each vertical tube is controlled by a
separate valve mechanism 509 all of which are externally adjustable 213. The plenum also
includes tubes for conducting temperature-control fluids, e.g., GALDEN™ fluid having
temperatures controlled 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 is also visible below port 315) adjacent to O-ring 503. In typically operation, this tube
serves 1o 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 transfer chambers. It is opened and closed to provide
controlled access for wafers and substrates between the transfer chamber and the reaction
chamber through port 315. It is illustrated in a closed position in which it is sealed to face
plate 415 by O-ring 507. In preferred embodiments, gas inlet ports 515 are used to inject
purge gases, ¢.g., Na. Their size and spacing, which here is denser near the edge portions of
the gate valve (and reaction chamber) and sparser at the central portions of the gate valve (and
reaction chamber), are designed to improve the uniformity in composition and velocity of the
process gases as they flow across the susceptor and build a purge gas curtain along the side
walls of the chamber to prevent GaCl; gas from flowing underneath the susceptor to avoid
undesired deposition of GaN in this location.

Generally, for deposition of high quality epitaxial layers the inlet manifold and port

structures cooperate to provide a process gas flow that is substantially laminar (thus non-
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turbulent) and that is substantially uniform in velocity and composition. The substantially
laminar and uniform flow should extend longitudinally up to and over the susceptor and
transversely across the reaction chamber (or at least across the surface of the susceptor).
Preferably, process gas flows in the reaction chamber are uniform in velocity and composition
across the chamber to at least 5%, or more preferably 2% or 1%. Composition uniformity
means uniformity of the III/V ratio (i.e., GaCls/NHj; ratio). This is achieved by: first,
designing the process gas inlet ports to provide an already approximately uniform flow of
process gases through the reaction chamber; and second, by designing selective injection of
carrier gases to cause the approximately uniform flow to become increasingly uniform.
Control of flow downstream from the susceptor is less important.

Numerical modeling of the gas flow dynamics of the particular preferred embodiment
has determined a preferred process gas inlet port configuration so that a substantially uniform
flow is produced. Guidelines for total process gas flow rates are established according to the
selected GaN deposition conditions and rates needed for intended sustained, high-throughput
operation. Next, within these overall flow guidelines, insert 327 and slit 329 have been
designed so the modeled GaCls flow into the reaction chamber is substantially uniform across
the reaction chamber. Also, modeling of intended GaCls flows has indicated that after the
NH; vapor emerges around lip 511 into the reaction chamber, this flow also becomes
substantially uniform across the reaction chamber. Further, valves 509 can be controlled to
ameliorate non-uniformities that may arise during operation.

Further, guided by numerical modeling, secondary carrier gas inlets have been added
to increase the uniformity of the primary-process gases flows. For example, in the particular
preferred embodiment, it has been found that supply of purge gases through gate valve 413
provides improvement by preventing accumulation of high concentrations of GaCls vapor
between the face of gate valve 413 and lip 511 (i.e., the regions enclosed by face plate 415).
Also, it has been found that arranging inlets to provide greater carrier gas flow at the edges of
the reaction chamber and lesser purge gas flow at the center also improves uniformity of
composition and velocity of flow at the susceptor and better maintains the reactive gas above

the surface of the susceptor.

EXAMPLE
The invention is now compared to a standard or conventional HVPE system to

illustrate the advantages and unexpected benefits that are provided when conducting HVM of
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Group 111-V material according to the invention. Prior to setting forth this comparison and by
way of introduction, conventional HVPE systems are first briefly described in relevant part.

A conventional HVPE system consists of a hot-wall tube furnace usually fabricated of
quartz. The Group III precursor is formed in-situ in the reactor by flowing HCI over a boat
holding the Group 11l metal in a liquid form. The Group V precursor is supplied from external
storage, e.g., a high pressure cylinder. Conventional HVPE has been used for the growth of
arsenide, phosphide and nitride semiconductors. For the growth of GaN, the Group HI source
is typically molien Ga in a quartz boat (with which the HCI reacts to form GaCl), and the
Group V source is usually ammonia gas.

In more detail, the quartz tube can be oriented either vertically or horizontally. The
surrounding furnace is usually of a resistive type with at least two temperature zones: ope for
maintaining the Group 111 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 IlI-metal source equipment including a boat for liquid Group III 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 achieve uniform deposition.

Wafers are loaded by first placing 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, ¢.g., a push/pull rod, must also be
fabricated of quarts since they are also exposed to full growth temperatures. Supported
wafers, the substrate support, and the posttioning mechanism must be positioned in the usually
hot reactor tube with great care in order o 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 sysiems 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
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(substrate/wafer support) needs to be heated, and it is heated by rapidly-acting IR lamps.
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 prolonged 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 beating 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 cleaning 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 frequently 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 III precursor is 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., NH4CI)
that can deposit on cold areas down stream of the reaction zone. Such chloride deposits must
also be cleaned from the reactor.

In contrast, the reactors of this invention have temperature controlled walls so that
little or no undesired growth of Group III-V material occurs. Reactors of this invention can be
more productive since unproductive cleaning and maintenance either can be shorter, or need
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 systems are that their
conventional internal Ga sources require recharging (with liquid Ga or other Group III metal)
considerably more frequently than do the external Ga sources of this invention of this
invention (which are recharged with the Ga precursor GaClz). The external source of this
invention delivers a flow of Ga precursor that can be controlled in both rate and composition
at maximum susiained rates up to approximately 200 gm/hr or greater. Since the capacity of

the external source is not limited by reactor geometry, it can be sufficient for many days or
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weeks of sustained production. For example, an external source can store up to many tens of
kilograms of Ga, e.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 example, for 3 kg of
Ga, a boat of approximately 7x7x20 cm filled 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, e.g., the temperature in the source zone, and various efficiency values from 60% to
over 90% 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 HIVPE systems.

Another reason limiting the throughput of conventional HVPE systems is that
hereiofore their construction is not standardized, and in fact such systems are often
individually designed and fabricated for specific users. Lack of standardization leads to, for
example, 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 III source zone is intricate as it contains
a separate quartz inlet for HCL, a quartz boat positioned adj aceilt to the HCl inlet, a separate
quartz inlet for the Group V precursor (which must be kept separate from the Group III
precursor), and a possible additional quartz inlet for a carrier gas. In contrast, the systems and
methods of the present invention are to 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 Il source zone with a gate valve and Group
[II precursor plenum and inlet poris partially fabricated from metal. The gate valve requires
only a short time to open and close, and the Group IIT precursor plenum and inlet 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.
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The qualitative design choices that differentiate systems of this invention from
conventional HVPE systems leads 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 1, 2, and 3, which compare a conventional HIVPE 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 length with a corresponding system of this imvention

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

conventional HVPE systems.

TABLE 1 — Epitaxial growth efficiencies

Epitaxial growth efficiencies Conventional HVPE HBVM
Reactor Information

Wafer diameter cm 15 15
Reactor length cm 200

Reactor diameter cm 20

Hot zone length om 40

# wafers processed simultaneously i 1

Reactor production times
- wafer load/unload time

Pull/push rate cm/min 2

Total pull and push length cm 160 0
Total pull and push time min 80 2
Warfer load/unload time min 9.5 2
Total load/unload time min 89.5 3
Operation overhead % 10% 10%
Total load/unload time in cont. operation min 52.0 22
- epitaxial growth time

Time to grow template min 0 0
Growth rate (u%) 200 (3.3) 200 (3.3)
Layer thickness um 300 300
Time to heat and cool min 0 6
Time to grow layer min 90 50
Operation overhead % 10% 10%
Total growth time min 99 106
Total wafer-in-reactor time min 151.0 107.8
Reactor wtilization (R.U.)

R. U. - growth time/wafer-in-reactor time % 66% 98%
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used | rrc]:asro%g{)liytp%gs%]é %and not believed to be disclosed in the known in the prior art) ina
conventional HVPE system could hold no more than about approximately 3 to 5 kg and would
be approximately 7x7x20 ¢m in size and be filled 4 cm deep with liquid Ga.

In contrast, the HVM systems and methods of this invention employ an external Ga
source which can provide constant, unvarying flow of Ga precursor at up to 200 gm of Ga/hr
and greater (sufficient to support growth rates in excess of 300 um/hr) that can be sustained
for extended periods of time. First, this source can provide GaClz vapor in a manner so that
the Ga mass flux can be measured and controlled even during epitaxial growth. Second, this
external Ga source is capable of sustained, uninterrupted operation because Ga precursor is
supplied from a reservoir holding 10's of kilograms of precursor. Additionally, multiple
reservoirs can be operated in series for effectively unlimited operation.

In summary, relative epitaxial growth efficiencies can be summarized by reactor
utilization (R.U.) defined by the fraction of the time that a wafer is in the reactor during which
actual growth is occurring. It is seen that the IIVM systems and methods of this invention
achieve such a R.U. of about 95% or more, while conventional HVPE systems can achieve
such a R.U. of no more than about 65%. And it is expected that the HVM systems and
methods of this invention will achieve even greater relative epitaxial growth efficiencies n
actual operation.

Next considering first achievable reactor utilizations and wafer production rates, the

data of Table 2 demonstrate that the HVM systems of this invention can be more efficient than

conventional HVPE systems.
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Ga/ hr Vi ghTABLECR - Rehictor agilikStiord and achievable wafer production rates

Reactor maintenance times and wafer

production rates Conventional HVPE HVM

- in-situ reactor cleaning time

# runs between in-situ cleaning 5 5
Time to open/close reactor min 26.6 2
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 15
Time to load Ga with in-situ etch min 45 0.0
Operation overhead % 18% 15%
Total in-situ cleaning time min 339.8 41.1

- ex-situ reactor cleaning time

# nms between ex-situ cleaning 15 15
time to close reactor after unloading min 13.3 1.0
time to cool reactor min 180 20
time to take reactor apart min 120 120
time to put reactor back together min 180 120
time to leak check and other min 45 45
Time to load Ga with ex-situ etch min 10 0
time to heat reactor min 75 20
Wafer testing time min 60 60
Preventive maintenance min 120 120
Operation overhead % 25% 20%
Total ex-situ cleaning time min 959.2 571.2

Reactor utilization (R.U.) and wafer
production rate

R. U. - wafer-in-reactor time/total use time % 59% 76%
R. U. - growth time/total use time % 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 periodically 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 will be the reactor utilizations and wafer production
rates than can conventional HVPE systems.

During operation, materials grow on undesired locations in the reactor, e.g., on the
reactor walls and on other internal reactor components, and excessive growth of these

materials can cause problems, e.g., wafer contamination. Cleaning is required to remove these
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of GaGhlefidMmnatbAils rand@a 8¢ pdrformed either in-situ, that is without disassembling the

reactor, or ex-situ, after disassembling the reactor. In-situ cleaning is often petformed 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 little 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 num 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 5 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 (e.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 15 runs.)
Therefore, in-situ cleaning times of conventional HVPE reactors are at least 5 times (and up to
15 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 HVPE 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 fimes known for St
processing 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
reactor gates, fully automated wafer handling with cassette-to-cassette loading, the ability to
ﬁerform 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.e., the Ga boat, used in
conventional HVPE systems must be periodically recharged in order both to maintain constant
precursor flow and also because of their limited capagcity. This precursor recharging, which

can be performed during cleaning, further lengthens cleaning times of these conventional

- 40 -



Percent of GaCl3 diner that is Ga%0% Wei ght of Ga for rungin r, 114 Wi ght
of Ga/ hour for rungn¥5 gm Ga/hr Ca utilization21%5% Utilization with Ga
recycling (est.)27%80% Ga utilization is determ ned in Table 3 by,
first, considering that a conventional HVPE systemsuitable for a 15 cm
waf er can be expected to use approximately 14 sl pm (standard liters per

M NUt & Rfns MBSt ASTHIENRA Gh Sukdek of el DVHA sy8Rmandd meisddsobthier si on of
the Ga“precursor into GaN_the conventional sy tenL%?nfbe expected to use
appr oxinverttionycan opergervithnlitde ocae igteweptipn ot @?t?r&ﬁ?d PERPGIEHESt 0 grow 300 um
of GaN at O umi hr therefor i fr@Rr R NeE ot here is
about 31 gﬁganﬁﬁﬁﬁﬁG§%§dﬁmﬂ%P éﬁg#&%ﬁg%@?g cm\éﬁéﬁggthe Egﬁéffjciency of
t he copyRPpioai@iontMRE Theaetaid R 4. appeaxistht ety of 1% e 8mt 2 Svefer isintbe nost
of the remaining 120 gm (= 151-31) is eposit%gwﬁg tGg.in idq§no%ethe

r eact oeactps torthesuyms of g dimasdlatia HHpets v PPy P EERREMATENEY e ct ed
that even w.th re | - isafvdntiomatikievd £RA.@F, the
Ga ef f' F%ﬁ%%mb‘3 %h%g%§§£?P%§§ﬁ%h%%gg?g§g$§$ﬁfs no nore than

appr oxibwat 25% o2 Bldre, while cohvertiontr HEPE syiMns yant evbievgsuchhe RHS S nedpromse
expected to use a |lower ammnia flow (e.g., 10 slpm and therefore a | ower
Ga fl ohamarw o0%wer total Ga required for a 15 cmwafer (e.g., 114 gn).
Therefore, ; Sesited BV Svafeh payduttch G&R, @hichewe Ga
ef ficienci efs{ag?éfé\zl%s/? 3@@%@%%%& recylgi n 1fg_nd reuse, and up to

per hapise &@Mediby glivdding a nGmbef 6f waksrcgrodiae bydbs ol Hgpearauirel e Preffucesn
exhausted fromthe reactor. Additionpall ' |1 t . Ripl Ng 83
o (= e W St aoerine shelt Rl Ry S EIAhie 3SR, O
unus ed;|Gai ARP EAlsSToltprisEie] I RS (RcoRNiaiedhe iRemptiods ofTableaill ald| 29, thewycl i ng
and reuse. Tt is expected that with recycling and rgyse of.géq?ust Ga, the
Ga ef f iatéseme getafminekby-Nividiys 1 2h thefatahimsdarspratuqing L5 WalethPYRUBan r each
80% or greater.. . . he.prefer.re i bBLentd ce

descr i oAasBY Smto o S TS BESTRRETER, Tk NNCRA e

enbodi pPRALSe BHR).I Itlcts bé sdehala thi tos iereathe PaVieystes aspmettodepf thire

i nvention. ‘Any equi val ent enbodinents,are_inHﬁndﬁd t?ﬁgf m@t%&n éhe scope
of thi Evientiesenaine toiprertsy 1 SwaHPEEmTb cPREde RN Shopfer (il thi (A TSR i n
addition to.ih - ,grﬂﬁvqs@ds ri I @i BsecBbiesnBlisanttmabil
conbingppgﬁgﬁ%?&ﬁﬁggg ement §§¢r.@§§@%ﬁﬁFFy%§%%§% apparent to those

ski | | egctiigvet dneapprdxithiton 2 fodd thubssbpueintpraesosnt prérdhe vt ndefiseusstd ons are
also intended to fall within the scope of ,the aﬁggggpgmﬁhgins In the

f ol | owkbRye( & EeateR lirplehRBHMRIaY TSNt 4% CXpegird dusing i’Rg$3Nd | egends are

used for clapify C@Iﬁ%eﬁgg\égﬁbgﬁﬁ% BRlcHrsor efficienéied) URDEV M byst@heaeitaethods e
cited herein, the entiré disclosures of which are incorporated herein, in

their efthis ebyntionyutilieé preemsersf espeeiplly Parmpessiesrs, mare pRCiendydaor the cited
references, re ss._ of w char act.er i Vie | dmtted as prior to
he' | neeERB o St e i h e enolfa FEfeafiif Tabte 2
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CLAI VE5: 1. Anetal halide systemfor facilitating a high vol une

manuf acturing process for formng a Goup Il - V sem conductor materi al
whi ch conprises a source of a gaseous Goup IIl precursor at a
controllable mass flow of Goup Il elenent of at |east 509 per hour for a

time of at |east 48 hours without requiring interruption of the high

vol ume manuf act uri ng pr ocepgBLWTE! Biérurita yilleatiomor source furt her

conpri ses: a nmetallic container having a corrosion resistant inner

surface f direchospitigatian| i qui d form of the G Jgvenfignahd¥RE optvM a dip
tube i n t hemeonih orteprostsstd an outl et for bubbling a carrier gas through a

l'iquid inAdenconival ner; a val ve contre@phed contaider inlet leading to the
di p tube; BpfmRl¥EeeNtrol |l ed cont aimer outl et3zleeadi ng t @7a delivery

i ne; Total dbGnd@l oY BfYrhi N€ for carpying the gakrier gas g@rd a gaseous
formof the Goup Il precursor to a reaction zone for conversion of the
Goup Il precursor into a Goup Il - V sem conductor material . 2.

The syst em™tf @rEriAREN It her conmprising a purifier capable of renoving
moi st ure f¥ehof Hel mdpingrugas down t o™9ig™Rore t h&H*% parts per billion.
3. The sydtitentigiusedimium 2 further conprili$ing a carffer gas filter
downstream of the carrier gas purifier. 4. The systemof claiml
further comGisidaveaticaantr@ner heater for heating the container to a

t enper at ung, sV .64 ent to nelt a solid formof the Goup Il precursor.

5. The Sy%(ﬁfmnﬁsoﬁhﬂo@ ﬁhg%her comphlisinid @ soygee of a carrier gas and
a carrier gas heater for eat i ng, t he carrier gasytg.a tenperature of at

| east 110C > AU &Y 2TEe cFaym’s furt?g)

o ystem of clajm [ conprising a carrier
gas |ine CORYTHRESSH ©2Yi husoi dal bends for proa/(;gi ng i ncreased heat

exchange s\srpbpdespipgfiGratd in@ot he carPPlgpitgas 002

Additional moles of Ga % 10%
moles of Ga/min for run mole/min 0.024

. . . 1.76 gm Ga/min; 100
Weight of Ga/min for run . gm/min om Ga/hr
Weight of Ga per run gm 151.4
- gallium (HVM)
Input V/I1I ratio 36
moles of ammonia/min during run mole/min 0.4464
moles/min of Ga to meet V/IIT mole/min 0.0149
Conversion of GaClx to GaN % 95%
moles of GaCl3 dimer/min required to meet mole/min 0.0082
VI
Additional moles of GaCl3 dimer % 10%
Total moles GaCl3 dimer for run mole 0.82
Atomic weight GaCl3 dimer gm/mole 352.2
Total weight of GaCl3 dimer for run em 287.4
Percent of GaCl3 dimer that is Ga % 40%
Weight of Ga for run gm 114
Weight of Ga/hour for run gm 75 gm Ga/hr
Ga utilization % 21% 25%
Utilization with Ga recycling (est.) % 27% 80%

Ga utilization is determined in Table 3 by, first, considering that a conventional HVPE
system suitable for a 15 cm wafer can be expected to use approximately 14 slpm (standard
liters per minute) of ammonia. Assuming a V/III ratio of 30 and a 95% conversion of the Ga
precursor into GaN, the conventional system can be expected to use approximately 1.8

gm/min of Ga. A 90 minute run sufficient to grow 300 um of GaN at 200 um/hr therefore
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heater, wherein the carrier gas is hydrogen, helium neon, argon or

m xtures thereof and is heated to a tenperature of 110C to 130C. 7.
The systemof claim1l wherein the container further conprises an
i nsul ating outer portion. 8. The systemof claim 1l wherein the

delivery line further conprises a coaxial portion having an inner line
CONV eVieR@irdsiBoaer 31 &h 00 Ga. Sitbetiiee rabopt 31 gmpf €euin 8GO0 andlager @recl dsiang

coaxi al i i d | f i ni i i
o Theweips tlenbo e ieneshor g onsstoogt SPRardt ravougmy 062 GriThidss
st eel qﬂﬁ‘iﬁﬁkﬂ o%{l%%i%?ﬁo gﬂ%@' 1331319 RSddrBERn the insides bPehe FoRtYBiRM Of

claim erein ery~l'ine further conprises stainless steel,
Hast el is@lyys dMavgilabte recyntingnad rane. theegetted that evenwith Fegclingsandrrease ofl ai m 1

wherein the valved inlet, the valyed outlet and the s i.n such inl et
and oupexhaugied feym @Eﬁﬁ?‘ﬁt%reﬂ@t(é ?fﬁ‘é’gg")é?flet& Forbvrm{\%%atl Wre%m%&é} I I?bllc%r
m xturgs, 1, 50, 12. The system of claim 11 wherein the valves

ﬁgf)%atelye
further conprise polytetrafluoroethyl ene seats. 13. The system of
cl ai m 1 whemsiontrasteHViMi eystens dndcpetbds ¢re hegwrpedierbio Use Apeweregnmonia flow

pol ytetraf] uor oet hyl ene. 14. Th ste l; ' I
one” of tévelC ?i?lﬁfg‘il’Fre??{S aJay e ﬁﬂWeanei atslﬁ‘éveﬁ/ta a@?&%@'{lwg# ?y\?ﬁge@#m%%r eas!
val vesg 4 he 4Q4h). efheY@be the 1OVM $8tclS|dnd @iisthddsnd this invbstiorcamphizes Ga
mat eri al” sel ected fromthe group consisting of a nickel - bag&% al | oa%%

iYEAdr on

tanta :j efficieacicant 21% (F Baddd) witha reasicling apd BaFAYEIP BACERPH
car bi um num,ni tri.de, i :
2 or BTl G b 87 Mo B RR i S
syst emigle of ki inhinkhes B (Eha 400 iy depbsibddeomtbs sfdes of thie redveor Gnostpfithi
elenment is sufficient to enable deposition r,fétb%s}_ of the ou f LI-V

a

semi cowehsed G appeass indhe exatoy sKkavet vhergt is @y CYFHPR AT THRC-alt 200
substr gﬁlp%cgﬂ bt gvi{hq%c}éliﬂg ahBftusd B RaBGUSS Me &3 ef¥HcRYEFBFthe 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 equivalent 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 to the invention of the

subject matter claimed herein.
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16. The system of claim1 further conprising a nass flow controller for
controlling the mass flow of the carrier gas.

CLAIMS:

1. A metal halide system for facilitating a high volume manufacturing process for
forming a Group III - V semiconductor material which comprises a soutce of a gaseous Group
III precursor at a controllable mass flow of Group I element of at least 50g per hour for a
time of at least 48 hours without requiring interruption of the high volume manufacturing
process, wherein the precursor source further comprises:

a metallic container having a corrosion resistant inner surface for holding a liquid form
of the Group III precursor;

a dip tube in the container with an outlet for bubbling a carrier gas through a liquid in
the container;

a valve controlted container inlet leading to the dip tube; and

a valve controlled container outlet leading to a delivery line;

the delivery line for carrying the carrier gas and a gaseous form of the Group ITI
precursor to a reaction zone for conversion of the Group ITI precursor into a Group 11 - V

semiconductior material.

2. The system of claim 1 further comprising a purifier capable of removing

moisture from the carrier gas down to no more than 5 parts per billion.

3. The system of claim 2 further comprising a carrier gas filter downstream of the

carrier gas purifier.

4. The system of claim 1 further comprising a container heater for heating the

container to a temperature sufficient to melt a solid form of the Group III precursor.

5. The system of claim 1 further comprising a source of a carrier gas and a carrier

gas heater for beating the carrier gas to a temperature of at least 110°C.

6. The system of claim S further comprising a carrier gas line configured with

sinusoidal bends for providing increased heat exchange surface proximate to the carrier gas
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heater, wherein the carrier gas is hydrogen, helium, neon, argon or mixtures thereof and is

heated to a temperature of 110°C to 130°C.

7. The system of claim 1 wherein the container further comprises an insulating
outer portion.
8. The system of claim 1 wherein the delivery line further comprises a coaxial

portion having an inner line conveying the carrier gas and the Group III precursor and an

enclosing coaxial line providing an annular space for containing a heating medium.

9. The system of claim 1 wherein container further comprises stainless steel,

Hastelloy, Monel, or combinations thereof.

10.  The system of claim 1 wherein the delivery line further comprises stainless

steel, Hastelloy, Monel or combinations thereof.

11.  The system of claim 1 wherein the valved inlet, the valved outlet and the valves
in such inlet and outlet further comprise stainless steel, or hastaloy. or monel, or mixtures

thereof.

12.  The system of claim 11 wherein the valves further comprise

polytetrafluorocthylene seats.

13.  The system of claim 1 wherein the inner surface of the container comprises
polytetrafluoroethylene.
14.  The system of claim 1 wherein at least one of the container, the valved inlet,

the valved outlet, the inlet valves, the outlet valves, or the delivery line further comprise a
material selected from the group consisting of a nickel-based alloy, tantalum, a tantalum-
based alloy, silicon carbide, boron nitride, boron carbide, aluminum nitride, fused silica layer,

bonded amorphous silicon layer, and other known chlorine resistant materials.
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15.  The system of claim 1 wherein the controflable mass flow of the Group IIi
element is sufficient to enable deposition rates of the Group III-V semiconductor material
equivalent to at least 100 um/hour on a 200mm substrate during the time that the precursor is

provided.

i6. The system of claim 1 further comprising a mass flow controller for controlling

the mass flow of the carrier gas.
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