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WO 2008/064083PCT/US2007/084845 GALLIUM TRICHLORIDE
INJECTION SCHEME FIELD OF THE INVENTION The present invention
“lr;slglsgs%tbq‘ggke field of semiconductor processing equipment aﬁdrﬁ}g té],?[gis“
and provides, in particular, equipment and methods for the high volume

manufacturing of Group 111-V compound semiconductor wafers that are

suitable for falsiga 9w of PRiE AHHEOKING PRTROROSENTES® 25

substrates for epitaxial aeposition, and Sso fortn. In prererre

embodiments, the equipRant BroFEhHOHsVediiented to producing

GrOlép llI-nitride semiconductor warers, and specifically to producing .

gallitHF IR AR TowaRE: 0 B ERE ROTRIEPRSECI B AGYERETFEpment and

mefhialgpatild roompoimpisirddmaprisntanadwaiahous ést genpighnaduater
materials. G [Il.nitrides in particular have wide, direct band.gaps

o ot B e e B SR P s e s

fat{partioulzrbptshad vlevsierginife e anthiasers) abdteérsdim epetrohisposition,

and %@Eﬂﬂﬂ? %S?{'Qfaewgdj @ﬁ%&?{%}ﬁt& REY Eﬁé%@ﬂf@ %&f(}ggﬁ%‘ tqﬁper gtlftii to producing

The Group Il nitrides have been known for decades to have particularly
Grapr Hhmagedissgerandbaton stafepropdrias fraleve pradeiies sahere aivide (GaN)
walkas been substantially hindered by the lack of readily available single

crystal substrates. It is a practical impossibility to grow 20bulk single

crystal substrates of the Group lll-nitride compounds using traditional
methods, such as C%mmml #dgeman or float
zon&;ibat havedoesouiskdfomgibeisamicoittiiors Suelcasdstioomakriais.
GaAs, The,reason for this is the high binding energy, of the Ga-N bon
o RS R R st e 5151 TR A e vtary
usgfredeufebridetpdighipresyuneen dretpdai e 2800C gt BRIRad lasers) and
ceRhfroba AR E%g*ﬂ&ﬁgn'ig (%Qﬁ&*&'l%ﬁ?,%%ﬁ%@%%%n%?ﬁ'&ﬁi H%lsﬂguggstors).

pressure technigues have been investigated, they are extreme
comphiedteetnAt narderdayed ey &ndesadag it s uirlpeymitageous
scifi@hMabrofbpERgs RAMLROEHh LS Commerthe 1RcH L R QARSI hindered by

crystal substrate gireatly increases the diﬁ‘icul% in making epitaxial Group

the RRAGECRAY A Y o NPT SBItRE TSRS Shd ‘S BB ERROSPRHEY to grow
bubpdiaalSOQpsepentiesatés birthe Geific tin hAgoeanph e d abilip/Hediiskel methods,
-t GaN with sufficient conductivity, for use in practical devices.

S AP -GBS SATsoR eI L BE LA e o A e od o
othbresemrhrd @y sochsalsiéqorogr€ss\wathnachsaniilr thes [stéhd B0 Swdieg energy

s were devel he fi . _
o o BB S stmggric
Pr&yesp Neritigh rassscons apprireturisd 29005 C and >4GPa pressure are required to
acRROSIASAQBERE T34 N8P esandwasithedeveloRNentef éied, they are

rocess to achieve acceptable p-type conductivity. In spite of these ~
X BRI AR th s e B e YRy Tl FE G BHRC SRSy erD g8 I8 i 2/
Mexgenely mab (1668 18811 cm-3 for dislocations) and the p-type
con cj[i}/it is.not as)hifglhias in o}he[rﬁerpicond ctors. Des itg.{.ﬁesle . ki
limitationa tHase"adVantes B8 SORmerdaT Prodiitiitore driticulty m making

epitaxial Group IHl-nitride layers with low defect densities and desirable electrical and optical

properties. A further difficulty has been the inability to make p-type GaN with sufficient
conductivity for use in practical devices. Although attempts to produce semiconductor grade
GaN began at least in the early 1970s, no usable progress was made until the late 1990°s when
two breakthroughs were developed. The first was the use of low temperature GaN and AIN
buffer layers which led to acceptable growth of Group Ill-nitride layers on sapphire. The
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5111-nitride epitaxial films suitable for LEDs (see, e.g., Nakamura et al, 2nd
ed. 2000, The Blue Laser Diode, Springer-Verlag, Berlin). The high
“%efg‘fstf&%hgjty is a result of growth on a non-native substratq,éﬂmm%gms
the most widely used substrate, followed by silicon carbide. Differences in
the lattice constant, thermal coefficient of expansion and crystal structure

sccBRIMER TGV LBPHRAR: PUPHREIRXE R NEN 108 SbRIFRIGIeashIR @GN In spite

density of defects, stress and cracking of the llI-nitride films or the

| ms orthe
of thgistranolegitbaRs s AppAER AV HIgHR LIS (Rurih G gl extremely
highad® corrluctive)fandidias pog) thartnapaopedotittifbtivity SKosisisifiatesn other

. Sén‘(l:l'%gl‘%%c? rIQ dl’Beesd ftrét %t?% gironri]t%%g}}l%l eth%gg &wgfar[lrl%erselse:cg @Igo%?dﬁ%rlgducﬁon of

much more expensive than sapphire and only available in smalle
1 gianide trsaftigdiSaily Siaine &5 UEDsdbee with, NeRmmwrapichRG0dhed. 2800, The Blue
demanstrafi JAis,is KLgantrast to sapphire and native substrates for
La%fh%?%%?n%@ﬁ%&c%@fﬂ?ﬁ aﬁt)rsH GaAs and silicon, which are available at
lowérhedugh dafaqtrdensitardeicehimbeses (1 GopTMdIaEETEFasappiRiire is the
mos 5(2}'](95[6@ %%%raw,mﬁ’l(g%d‘@ Sf SAPRRERIAND BileAFS; SHIRDISHRE constant,

some device applications, the high defect density associated with = |
thepmalifiRgEici5Rl SIGrERARSIAN eSSt SHFHEEE e sen Sho Mpfdt i ial tayer
andagekeiodas [ dniridd Jasendiode ddaretofspaki el tinienest Deeause M@ifiims

horter wavelength permits much higher information density in optical
or YT IS SRLIE T At COh e R R e
cotensiteswd hisgddothéginel damghthess.LEDs which are required for

o asensRaleanAeseanband Lareseant bR, FIDAb: SRRt but s

lI-nitride materials have desirable properties fc juency, higr
mysbwereksptronic devicesrbur 28dcuimsrdritizatiomoiahdisadetidedisaly S0mm

diAARACEH §90iP a5k BEAKS G crurtatR AEnitatians i Bentigh HeiBphire and

density leads to poor performance and reliability issues in electronic

naiie RBSARL B WIRSIRIGORIUsIEa Bt Fakeand sHEERaPIRIGB AT AL at
lovdXg BoBOMMAriflavicR Savdae iRathisayital 3orkia alleder enempRieat Jomner GaAs).
active device regign. The small diameter and high cost of SiC substrate :
e RS RS A S BVRIG Eh TR P SRR e high
deR0lakgritdemoeisizb s ifedihparett teviaserswon bk Bsjsaqbstaienterdsostshort
..large.area suybstrat -nied [arge nu ber of-methods have bee -
R - ni AR R, Bl O G R et shorter
wawo‘mrﬁluiversubstméﬁighﬁfdnﬁgnaeéiwﬁensﬁwéemwmgn@mw‘ Itis
exFUTRGFEP B0 EXRENSVE ADERABdEA YR TH Rk ALARQRISEEDS which

ne common approach is to use a form of epitaxial lateral overgrowth o
arq Euoy ethienrs R HIge tec sissherbrrd Siatatgantaney Ainsthe WioHRrlenitride
mdBYRII$ SREICashI-grop:laterabhpreRihe-maskidhhR apitanialdilte @vesdbhsut

mask has a greatly reduced dislocation density. However, tl'éef.}gfitaxi?l ot
CORISHT PGB HOmLCHAPh R R SEGHE ot ARSI QEATH ey 4 Imitetions
Thachigvédendanon-maske peithsifatenimaddit onl dbitinefsdefest elateonic devices.

nerated where adjacent laterally overgr. reqions,meet. To further .
T e S B SRR B whre
is gledtdthatatiistsranvery knap Sogivib cardi tinde donstgiang o seel, dardeiistthied high
coSt gf@%Hﬁﬁ?’a?e@%’M@&gﬂé?&ﬁmﬁgﬁ?th\g@&ﬁ%ﬂﬁ aeet Rl where

dislocation density and some areas with high dislocation density. The
langps ste¥ifecuzafirapprodcl toserae toElath ey d0ser GaHsIRERS i ¢a Hiesfrates.
very phigklaygrbaf shadthaiy kg material BecassetheHisiReatio i Adect density

. not oriented perfectly parallel with the growth direction, as growth
in spyesEddILY eSO RO OBEARIRS RISt hRdosmmiRkhe SReF Byt mpeghods are
alibicintesetfective onasecds thogralsulayersidtotine ardan b0 One common
1000m. The advantage of this approach is that the layer is homogeneous
across the substrate The difficulty is fin%ing a growth chemistry and
associated equipment that can practically achieve these layer
thicknesses. MOVPE or MBE techniques have growth rates on the order
of less than 1 to about 5 m/hour and thus are too slow, even for many of
the ELO techniques discussed above, which require several to tens of

microns of growth. The only growth technique that has successfully
acrhievved hinh arowth ratec ic hvdride vvanaor nhace anitavy (H\/PE) In



precursor compounds into the reaction chamber to facilitate manufacture

of the semiconductor material. Generally, the undesirable precursor
approaeROWNdsdngludadigressitine Bt QRO R BAAGU @I\ Iationeef Hehnique the

precursor that reduce the reaction of the Group Il precursor with the

substiate i RAGEHY rrsked wrdrikp G RiG e IBYEE desepsicehde i HamGrRlly over the
- maskNgRiodge.the Mmethrdincdudescheatingrtaal HERIMRPEIRIEIPEAIHE However,

sufficient to decompose gallium chloride dimers or trimers before the

the epjiad flgpamihs aRmsRINe Bl m dhesrns Mighatiberatigp fenRtag achieved on
a noASRRMS alinmetriaRlordailhheataertaatieasty QRReRAQT (PHRALCLiELERE laterally

reaction chamber. For high volume manufacture, the gaseous Grou

. . p
| overgipyFeriHiSHr Masthed edHEHEDIRIYGSV ditlaRtb aRelrastliopnsfi9e gerorm muitiple
ELO Bass fiow abat 1nash20i 943y RPlemRadome: fosalime bt fasitBin the end

hours. The gaseous Group V component may be a nitrogen containing

Produgsin SHBICAPRERIERBYRIBITAS: St emeamygreddry Abincetiphdemsiigrand some

areast0 ARBOYISIGIAH WeRERGUrsOr so that a monocrystalline Group I nitride
is provided. Also, the nitrogen containing component may be a nitrogen

cohtiiMAg GHSCEHRHI 2RI HAlBle Aitdidne R art deRsii e o atkapyery thick

layerPlasMaBELYRHIRNRIBHIPIEEaRe the TRBJGARIIRNENABIRATNRIEMYfectly parallel
includes one or more walls and the method further comprises introducin

with dhe eronth Hisraic <ty %fﬁavéraw@\?dé@ﬁ%ﬁéﬁﬁnﬁéﬁﬂ@%&aﬁow%ﬁ%géfmihﬂafe

each IBReLONPGPHGE HaRNGTIaIREOYIde a-tRaGIa0RIaYEro8s MHenBRier S3AEI 000um.
to optimize the production of the monocrystalline material thereon.

The adyapinesiRt this RRRERBT RSPy ShifuBEROREBFORS RN, Dpaibsirate. The
diffigifiwaliadaip anaenletRagian oREm el therRathag tuthectically achieve

comprises introducin&the heated Group |l precursor through a slot in th& 1
thesengFioHiissnassrindY A HB AN Sbr RepriAEradly estitth Bt Rv ozighe order of less
than SURIREBHtITE Sothour dNAEEENdRpasoviidwwneiher ASPEEHOT siaiBVEDOchniques

there is provided a system for formin anocrystalline Group 11l - V

) ( am
dlSc‘égéﬁqi&h%ﬁctﬁplﬂ%t&%{rﬁ/ﬁﬁ?ﬁ%ﬁfbg%‘& SBUFERE e us B Rpy growth
techil G o500 JRAG ki 8v80 Uit AfrGRAHN Mce ORI POBLDE asyRitophase epitaxy
reactant, a reaction chamber that receives the reactants for reaction
(HVR¥rewith to form the monocrystalline Group Il1l-V semiconductor material,

anﬂ@dﬂﬁﬁﬁﬁi‘g, d@yi@ﬂi%mebaémg ﬂﬂ@@&ﬁ@pﬁ&i@dﬂiﬁﬂﬁhﬂﬁ@lﬁﬂﬂ@f@ﬁﬁ' dﬁ I nitride
entering the ion chamberto at erature which is sufficien [

A 5 R s TCRATEEAE gPATLIR BB ENER I T ppprocess and
equighembesdemiactifateviianudbriute afdhievserhiggndustohmai@salhas dhgumber of
. source of gaseous GrouP Irl?lﬁrecursor is sufficiently large, to contin,uouslg i
disa V&Wﬁ%ﬁheﬁ&cﬁ?&%ﬁ”&t B o PAPTEREIE 0 s St iy antages and provides
relatBleeny/vost, fgeh toaginf@idepsiiAgitiild lead to new, innovative applications, e.g.,

) 20%%13.5]1,‘%64 83PCT/US2007/084845 hours to facilitate high volume

in reRdanYR An &W@@@%ﬁ" Q8P Hterial. In a preferred embodiment,
the reaction chamber may be configured as a horizontal, rectangular
chamber and the ape SUREBMATRNIORTHE INVENXTIONare located in
diff rentiﬁortions of the cthan er fo avoid reaction until th ﬁmeet{ﬁt? for epitaxial
pr ey ﬂ%e&?lc?@aﬁ%e‘édf’ac ft ShE e |aetrglylsalg5(\)/‘é‘ ond SFmore OF P

depsithsiraiea farctepositatimef dregefiicondustaricoathreabithateenalTehich comprises

reaction chanlger rally includes a floo ceilf_tn ., a pair of sidewalk
reac BRI A ULl BURAES& Ghe FERCIA ety SREHLR G CoMRph S gonent o
anotheérizeataglofnn therfisnicior thtrmdiacingithat readaihintetffEciesction provide the

semﬁ:%% u%rj?{)rgﬁlt rtp T %&Otin[ %q%%g;grg tggr,][gaggguesn I%QJEdIfP Ipetéggs%qe %?EH entry into the

reacta 0 direct’ frmed 1ocation For Teaction wi
reacanothemieadiantefiperhfsowhecbigadtoisn Grdighltbpresidrsoraduyipicalidesirable

in gas flow association with the slot to introduce the precursor into the

reaction zone through the slot. The system preferably comprises a

reactant introduction device that includes a nozzle containing heat transfer
materials therein wherein the device isperatively associated with the

heating device to heat the precursor prior to its introduction into the

reaction chamber. When 15the gaseous Group Il precursor is gallium

trichloride, the heating device heats the gallium trichloride to at least 700C
tNn Adecompnnece Aaallitim chloride dimare nr trimeare hefore the heated



reduce or prevent deposition of the Group Il precursor or reaction _
byproducts on the reaction chamber wall(s) to provide a longer op(-;-ratlng
time before maintenance is required. Further aspects and details and
alternate combinations of the elements of this in_vention vv_iII _be apparent
preclfia6} HampoReIIRGHRYVNGAR hiIEW 'M&ﬁ?ﬂé‘?@rﬂ%&&% S INER  conductor
are 30also within the scope of the invention. W
matesihe 064083PCT/US2007/084845 BRIEF DESCRIPTION OF THE
DRAMEMES the TREAFSERNLIBYEREPN MY otaﬁfi%;ﬂgrfglﬁé 0 %{él%@, Tl gl%, or other

reference to the following detailed description o erre

molesibfiriainst ehehsrasiravdiiondissthatirectiomegigi ssmecificprecursor with
the @faﬁpwm%{ﬁ&fem.e invRatiananm terarpeRdad figu %%é\\%%'qﬂﬁgﬂ%tﬁloride, the

illustrates schematically systems of the invention; Fi / ustrates .
methad dcludes tsing thad PIERISSTALT 3l imnpesatprefarficicatnttiodecompose gallium

chlofila @RS drigrihshamaticaliases fgﬁz¥(&ﬁ%§?&ﬁ%ﬂ%°%h&'ﬁ?ﬁl@?%gction chamber,

combinations; Fig. 5 schematically illustrates preferred inlet manifo
Lypigainutheseamausopalivnisihessedndeniody anleserfRARE peactanientering the
reac@@sdniglrangement. The same reference numbers are used to identify

the same structures appearing on different figures. DETAIL

DEXSE Ry HONTTS I Ef PR BRI v SDOIMENTI S5 Dhiminyvationtinuously
provRIQVIRES SEUHRIDESY 268:raethpdsdor oty qrowih, egaagohl Ifﬁlgl%rrlr%nﬁent/ our for a

_manufacturing of Group IlI-V compound semiconductOr wafers no't eno
time pfFiHRastrAR bowipmehe isasapubieronpUtsivmgqraductiyrbn dhatrogen containing

comlﬁﬁ{&gﬁr@c Wﬁ%ﬁd@@%ﬁéﬁqgﬁy%ﬁ%}?ﬁgﬁ&ﬁ? is C{h%% N %lg%%%\é\ér(]}zfzgr(}roup I

maintenance. The equipment is capable of high-throughput production in -~
Precyfsar abte it advBTERQETYAIBAIR: Sirgratell) vittie propusededverhibne 88 nitrogen

contithiRMCHRMERe AN SBER Hin mﬁﬁﬁ%ﬁt‘% %ﬁg%{{gﬁ' oL alers 39 . nitrr]?§en ion or

produced are suitable for fabrication of op and electronic compone

radicg] genpried by ﬁ?}?mwiéfﬁﬁaﬂiafaémaﬂ&?nd for other semiconductor
matgrakanRlicaiaRher tﬁiﬂ&fﬁf%ﬂ&q&g‘Qﬁg'%}emgré%ézﬂxﬁg‘%g ?nge(%hod further

methods are specifically directed to producing GaN nitri ers, an
compyises dRISuRiRen e ETanp (B uRTetuTIOE D iresih b queenponent into the reaction

chan?d @S 6rHHaBIIE iﬁl&ﬂﬁ@?tl?é%\)?&@‘ﬁ%%%ﬁggﬁg%wg %%5 LGIRKER AR, optimize

limiting the invention. It will be appreciated that the preferre

the RIABISHRREHHSEamPERERKF L iaaapaaried BronsasingSnedifisabiyotherrmdipn chamber
may HhNIBEQSHSo8, 20N PAH AR, AWM DIYING 8N TaG0h PR open (ptlet, and the

aluminum/gallium/indium nitrides, and to producing wafers o
methﬁﬁj

dptitetomRIaFs SRS ShaihgRicprooem i s ensivanautiorsghafesot in the
floor@T(RfeRardbanyMetpR4MNor is preferably heated in a nozzle subjacent the slot.

In accordance with another aspect of the invention, there is provided a system for
forming a monocrystalline Group IlI - V semiconductor material, which comprises a source of
the gaseous Group III precursor as one reactant, a source of Group V component as another
reactant, a reaction chamber that receives the reactants for reaction therewith to form the
monocrystalline Group II-V semiconductor material, and a heating device for heating the
gaseous Group IIT precursor prior to entering the reaction chamber to a temperature which is
sufficiently high to avoid introducing undesirable precursor compounds into the reaction
chamber to facilitate manufacture of the semiconductor material.

The source of gaseous Group III precursor is sufficiently large to continuously provide

the precursor at a mass flow of at least 50 g Group I1I element/hour for a time of at least 48
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30 compound semiconductors are within the scope of this invention. This
invention can be particularly cost effective because particular

m@&%a&”ﬁts can be realized by modifying equipment alreag(¥ (US2007/084845
commercially available for epitaxial deposition of Si. Thereby, focus can

be on the elements and features that are especially important to GaN

hoRiRENBIe RsResa R Alad icRigh Yol ReHRanu faeturingrithie AR ferred
well developedin 6 WO 2008/064083PCT/US2007/084845 silicon

empodiRBIGJYC EsATIRD FTAMREHEEY RREPTHEUESLAS M BRE A TRRFaRSR] A ihamber

andigsigpadies fave wosighificantréidpayale Reihatil & Eapabie@bhighf the chamber
volume manufaiz rin% Also, the énventiorégrovides é?r virttuagy 1001?{0,[ v ab
GRS TSRS 0 B R R RGP RSt 2bore

ling o
ondhatismctbataalfdaeppsiitdentiis thaiefork: exhausted flomedhe Thactarnion

cha?nctbearm@n%;ﬁﬁ%%%@&a“ﬁah 45%8&%%@&@8@%%% ,Agg%?aelm;em fon outet,
process an apparatus INCIU e. an 60 _omlca us_e ofSGa p ecu_rsors. T e
andrpventionariciode Snhieuns conintikeicivioantabsinbintiesBosuder prgpducing that

reafBLRSHRE: NAdRR anAiamRNGaHDG Wit e ARSI At gicRatioHes eRe R uce the

walls. The use of lamp heating permits the heat energy to mainly be

reaghpad 10 e iidedporaificHaitddetRion B Wb rRetissgactant. The
soIEAHNGaSHKIS BrisuS Ui PRG-It avpalioh s yslendinparmitive RyifRshe slot to
.__power hang‘es to the lamps. The Io%er al mr%lss susceptor coupled
int R RCE DS A TR RIS SR I90, AR BT B (88 MBerature changes, both

up afiskdevim perfypsytusenpaing satestareiinrthiecangécofc2-tht includes a nozzle

conl g%gee%{esagf‘lp gdfearnrga er eg?sr%b%onwtgge%%% I:4157 ge(gwreergt%/{s?cgs@gcilgﬁ with the
Inventon inc U&GS reac]trbr wa Slf}lat are controI_Ye(fto SpecCi I‘g
heamprdbere tedtSheipindusamuiesiredgasshaten daotibascapicpprévanier. When

thAGROSIN A HENRISs o e JAR AT SEROFILARRATALS: S ALIRIRLYAT
use of in-situ monitoring for growth rate, stress and other pertinent growth

trighdpaidtetens least TNSGripatesormmeneidiuanehdnife iresterhisstrbelorphe
hedRR GHU4RS VaREGRUSQISHd bR flo ot dhei G erileprecursor is directly

controlled by an electronic mass flow 20controller. There is no practical

limit D #7acsioR SetRbeBataral GRS SEURD ETIm T feblpiing the one or

mEQRIBALKS CAbRS i ENGR &AM AR HIAKE: RatseMendlROIER ited.
RS ol O oL e Pt SR SEMEED . e
copietisssor i Batl doFiistiiadautc isoiasechonithe dosprddtionsned location to
efficiently form the monocrystalline semiconductor material upon the one or more substrates.

Typically, the reaction chamber is made of quartz. Also, the reaction chamber may be
surrounded by an enclosure which is operatively associated with one or more fans for
circulating air in the enclosure to lower the temperature of the reaction chamber wall(s) to
reduce or prevent deposition of the Group I precursor or reaction byproducts on the reaction
chamber wall(s) to provide a longer operating time before maintenance is required.

Further aspects and details and alternate combinations of the elements of this invention
will be apparent from the appended drawings and following detailed description and these are

also within the scope of the invention.
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and discoveries that, when GaCl3 is in a sufficiently low viscosity state,
routine physical 25means, e.g., bubbling a carrier gas through liquid

“%%gdg,ngﬁgsprovide a sufficient evaporation rate of GaCl3, agditial Fafsiass
assumes such a sufficiently low viscosity state in a preferred temperatures
of range of 110 to 130C. The invention includes equipment for

maintaining the GGIFa BRORBIANIRTRERHESIOEWISagSre in the low

viscosity state and equipment for flowing a controlled amount of gas, 30

throt g RS RISEIRR 32 BEdREHAY 6 4 ks Rapdr o théor Radfioving
detdiNg aeudiprienbLan sudtaieddatbsdansnt s ebteat Infiantiens dingeraf200
to 400 g/hour) that result in GaN deposition rates in the range of 100 to . .
o ST N TSI ol B B PR D P B o Y
wafdfig thakifittarethelsnsteptor sherdealfubeyisysteonfrom the GaCl3 WO
2008/064083P T / optainer. is maintained with a specific
tem%é%%%ﬁ%ggﬁgﬁgp%%%%%ﬁ%gh%g% of the GaCI3.  The
invehtisnidiso ithettaies amsimred nsamiflckipnbeare that keeps the Group IlI

and royRN-ARAREASERAIR H R iRG HePRsiian £8BeaRt AlsRRIovides a
method for achieving 5high gas phase homogeneity in the deposition

zond S AERBHARLY A EHMIGHS RS GFbrteb By T YRS &t tion

charpe b ang@are SsHARSUSNE RIOLIEHRAOII Rghthe SpksHRIeSTahaenpracess

gas igw is des;":%ned to b%agubstanti I,I% r}#if‘gr th both flow &/lelocit :

(there 168 TEIBERSA G R EHERMIEST SoMPULRiONT GRErTEHE A Tiff8rm e o
difikdhVfradie). In a preferred embodiment, this is realized by providing

separate primary inlet ports for the Group Il and 10Group V gases that

prOV‘d%g AT IEERIOR BB AR PRIEHRIED BRIBGRINIECTLO

achiev anitold and port

structiire i eretin S SPA RIMABCRBY MRS sy Hosth artigh volume
mPHRRIER A G AMPR P CSinpountN@ipVE iR R eRC M @SR MEHRAdHR. The

add energy to either or both the Group Ill or Group V inlets to enhance the

CqrRIRaRHEHRIBIG srtivbuy predurisrdn ity prardivaadtSLwRsEHRh BN HHis
prviauidinalude.annetiobfanihaesmarsiacampasidon Didquiimerntdorsamblbef high-
Group Il precursor Gall1CJ6 into th onamer GaCl3. In another
B e B bR T e AL DS S8 B Brstlaceg pvery one
to floerdrmumoritagpfecurddi arexampl adny thetnraddeetmpo sitislvordpiasmmgble for

fag_rri]ce ti1n¥eorf‘t'Ogcaga%&nﬁg%%%%igggm 8&%@?%@%‘\9{5&?&%‘3 %?Eﬁhﬁm{{}&lal deposition
including fuﬂy Shautomatic cassette-to-cassette loading, separate cooling

andtfyashepaeiisordueionmuatat erfestivandlers, all of which are fully
compyigr £antrelied andinteraced: imihe AverRlgrWIR HoareMy dirctRe to

invention also includes temperature control of the reactor inlet and outlet
DrogiRs G HHEdexralist spdieirhsraba dpsRIaRdasiBivaY Prawsh RS the subsequent

deteapiRinaryalvectiat eavepefaiaiataddreduredopie $sutk e Nighing the invention.

temperatures Temperature con&rol in

1t will Be apprec:ateg Ti]aa’z the preferred em Ong%Segtg rc?igsrégl[ﬁgzeggsadapted to producing
wafers of other Group 11 nitrides, e.g., aluminum nitride, indivm nitride, and mixed
aluminum/gallium/indium nitrides, and to producing wafers of Group HI phosphides and
arsenides. Accordingly, producing semiconductors wafers or wafers of any of the III-V
compound semiconductors are within the scope of this invention.

This invention can be particularly cost effective because particular 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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premature gas phase reactions and minimizes deposits of GaN as well as
various reaction byproducts. A major reaction byproduct is NH4CI. The

NS%%%E‘JE? of the entire exhaust downstream of the reacto;,&%{{@}msu

to prevent condensation of NH4C1. The invention also includes a
gas-purged gate valve to reduce deposits on the valve 30material and the

silisiflacvpis Qfthad eactananddo rRtlcmaasuipaies Rtian andieeh aedesigned to

residence time of the gases in the reactor, WO .

v BB P FURD O P AP DI/ T SRS AR g Al the
invtheionveotives falvteithe 1seletisitsee pichthakedrtietbvndabmamyvering and
wafers during one growth run and a suscepjor designed rev .
recy R R SR A FoRe G RO R RN The reggton
chgmbseatiiprantioniib based domthenliscodedy kb sihedificrhiztaiatisheand

pFRMROHERS SRRV AN VB ERRIEGUproperties, and thal when
coupled wit ) i i )

an apparatus designed in light of these properties, the

combhsativeneen ipelutssdpuge pbaikmivRr layercsnd iBeas SRR sBbIiERte

hofef %ﬁﬂl‘%}?ﬁ&ﬁﬂﬁ@q’iﬂl Rathierdal-g b RHridee¥ithineretafar: of lamp heating
unachievable high throu'%hput, high uptime and low cost in a maﬁmer

PR SR SRERIGHE SO InR FRHRIPA AR S 1R Y AR RRVERIAC Hrgier walls-
Thydep aenRaa b RO (oY Mitisacloatadteyized bypbigtitthroukppiwbighanges
recursor efficiency and high equipment utilization. . Throughput means the .
Y BN i e g SR
veth#isa tanperftactidr nfdh dotiaterialdidpuntolttmsystemrgoegdtapatiqen the range of

2R %%%%%@gedﬁﬁ*gégﬁé@ab thowgh there-are gLagsnumber of variables

assotiate aterial, process and structure, HVM 15deposition
rated hangeshitnm nedided BocPCTEUp hrerhrontraisdins Gatitinlepeensye o
mifRk8PEHEL Al AL Ie 8! AG3eHERs thd QR GefaraUR iSIEsAeRE RENNOURIRIR of wall

period of at least 100 hours, to 200 g Group |l element per hour for a
depRyiiRn GFERISAFHHRIORER 1SR TR 2800 BEAT0 G B TSERS It other
peRBichouoion daenieef at least a month. A typical source capacity can

range, from 5Kg to 60 Kg in one vessel and for increased HVM, multiple
PeanSE TR TE it DR RS e e et )
Thh fasgbptiksGinatralié siaoilesota tosetiybtanmediéd sjlioonl enapufactaelow
ipment utilization me i0.0f the ti rate is i
o L T U A0 S M LT U TR o

sontestoftiietmnaibespdhe pragfueind prodtice 280kpeddepesssgprce containers
cobRlIBLAAN FAIRANKNG AL TABUSHRRG R RMPHIRLVE RRIRAGRSSIE ESSVN time. For

measures are avallable for mature silicon semiconductor processin

thegkmadiiy OTiH e dfiffradnetinoaiidrfor HUNG GREPBIRS IHBgsHisB i pbservations
an@lithewidarefiahawt Gado, 35%0. Witk dstsimilar te-thnt efasilieoniepiaxiatal

deposition equipment..  Reactor. uytilization s the periad of time durin .
AN A ARG e S LGt s CELLTRRoA DG sy rortion

rafe@f CatienihdnaitHOAPE seactorsuktiis vaftieiisibn itve BQodiersoftd rtopreferred
0 ; . . . .
teélﬁe/%t\[/l\@él%tf?g %%I—J)}ln(g%acl%@ch as those disclosed herein, this value is
onthe order o 0 0.

The invention includes equipment for maintaining the GaCla at a constant temperature
and pressure in the low viscosity state and equipment for flowing a controlled amount of gas
through the liquid GaClz and delivering the GaCl; vapor to the reactor. This equipment can
sustain high mass flows of GaCls (in the range of 200 to 400 g/hour) that result in GaN
deposition rates in the range of 100 to 400 pm/hour on one 200mm diameter substrates or any

number of smaller wafers that fit on the susceptor. The delivery system from the GaCls
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Growth utilization is the overhead time in the reactor, meaning that it is the
time during which growth is occurring in the reactor after a substrate is
' rein. For WO 2008/064083PCT/US2007/084845
T/US2007/084845
%%é%ﬁ%%‘r{g HVPE reactors, this value is on the order of 65 tg 7[8§/0 Wlhﬁe
for a HVM reactor such as those disclosed herein, this value is on the
cofbaR 6f %%’tatﬁl&ﬁ%%tg é&ﬂ@_{’é@ b E@ﬁﬁé%m%% %é%&ﬁ_%&ﬂ@&ié@ﬁk’ BPthe
process. The present invention addresses the main limitations of the
frent HVPE technology 5 which prevent high volume manufacturing.
ThisTsdhaRenkiy: eR@ G b@dbeauHe NN R ilrSithSOUHICR GPHETatiBuY and
G an external source an Tglepégcirs:‘}(i.the curren I—fVPE high thert aldrEass hot .
TR Y SSRES SRS 1BV IS R SISO BT (R REMS S AR Ashiph hyevine
higivals. phhe heemafanigxXiethatispesicerehminates thkinerg 4arstopn flow of process
rod cgpn to ghar e thg)e Rreclrsors, grea Ié/ itncrea ir}gt gg%@ t oy
B N S R D SRR TR e

prafivsedysiipunselesgerd conbasyticwizdhtroigerrasutotyfinvniplesved berrfele. non-
rurBl B HRRELER ARG HRIPIANE ViR, ThEdAW DRI MALNags [RREIREd

with temperature controlled walls greatly reduces the time required for

embegiing il T SRAZ It RIGHISE S tSRAF R FRATH daA e s Trid b ihtgu [T and
Gr@@lidhgli@a&m %@OQletbﬁiﬁi#&S@E?‘t@?‘aﬁ&] REwaF e URe xOfdt_k:) ?f the Eeactor, and to

mu tl-temper ture processes, | re not practica ossible In the
oM OP R 18 R TP 1o BT B el Siuctures are
detemabiaturdined byescgaknphasdieactiaosdang talprmstpdanub B oedydynamics.

eliminates wall deposits, Elimination of wall deposits greatly increases the

e T e SRAE BUIRIRAL A8 Snarls SIS GRS SR AlE w or
Grmx}eﬁti@h:ﬁstbaséwgmtmemtqhaffmmoﬁét_af*d‘iamerwmd@mmgfean%e
crtRREhRS AR AL RAHICS QLN ARRASII R AL U B BPAY Miner form of the

semiconductors and can 20provide, in conjunction with specific delivery
GregpilhreatweiafedGh this thyartivmer Gafficie itlgnieigbr preserfdeebodiment, this

achieve and maintain hi ition-rates on | eas. | rfi I
B, A Rl B BRIt 5, REEIME by therm
demwgmséllmear_pég@g-. bubbling with a carrier gas through liquid GaCl3, can

provigg: anskficie Ri8 VRRAKRL QR iBiRAT foakdRmandithatPROARS Gﬁ%g fully

such a sufficiently low viscosity state at 25 temperatures in a range about

WG AT 3RS e NG RF FETHIS FPOHRE T REpa 4 ipFenRioppmgtct wafer
haB&E3aincihetienigahase ansutar bengondahassiRbiemuaibl 0sReidWowth
about 400C is actually a dimer. The chemical formula for the dimer can be
PIG&it8n either as (GaCl3)2 or Ga2Cl6. In addition to Ga2Cl6 related
chlorbgaltarescasisal salndassaetmsaaSaqraolos dic These 3lccomndpauirdfanges
G S0, BARCIC BUL I (ERIAGing.onc, ot OrS: O SIS £ Oy operae a
example mo oc?wrflorogalfgne%gs thertwo rldgge iAo me rep aceabyaﬂ P
reduord prasushowhhigisemphetermin@nGa-urdethatdmscan aiss pegvents

pré?f&lﬁ’:gg gag%ﬂs@&tﬁzﬁlaﬂg RABISAICS BRS YERRI90 WL IS various reaction
compound). According to B.J. Duke et al, Inorg. Chem. 30 (1991) 4225,

byppredislisility WO XaoBrOENDSIE T ISDO0 7 DEasIp RtHeE afithsrentire exhaust

dRamieasesmithrinereasinehebleiinatiesvehtiedeminahGanghonds by 1-2
kcaUmol per Cl substitution and increases by 6-8 kcaUmol with each Cl
substtfich 78 Bﬁaéﬂfﬁfiff%%&?ﬁ-ﬁ*ﬁ@g%aﬂﬂmé?m&seﬂmﬁe%}lérc vatve

matginsadé chieakksyile dfabiosnobihadionaines gat acgivein tempedatdies residence

. would decrease
time oil (?he gascs in the reactor,
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The growth of In- and Al-containing compounds can be achieved using
substantially similar equipment but with the limitation that these sources
wishghasgasily keptin a liquid state. INC13 melts at 583C. \Whlaih6r 084845
present invention described for GaC13 may be modified 10to operate at
temperatures above 583C, this is practically quite difficult. An alternate
apprRaGidado:fratthed alid de aHempeiab & balewHb eseetting epihbh can

where the vapor pressure is sufficient to achieve acceptable deposition
hold g or oty el G ARFHECHF ERCTaHE FIEIE HETDES AR A ATOH R
attyyiesent dhventibssaestr ihe dfarcfaClisicahbek modifiedis operate at
higher than atmospheric pressure and.15 temperatures-aboye the meltin
ot B R A S e e AT aE e (e BB G Bouna
hatt 108zineainy btovicthernpsitics, pod e wbh@walqhwﬁ@mlgpmgmmigmd in
ligRf P AIE ﬁ%&@&w&%ﬁ%&%&%%e@ diresdAfit) 4dn Bediguift. v

phase an the gas phase at low temperatures. Another main

COBPAWSGrIERT SIS AivoR PotH ulartEE M AT iAcabish PEFEANF ppachievable

hidRRLKPRSHiBA AR eMNeatiy e saniallad vals grestly saduase
‘the time required for heating and cooling, both during growth and

fce. The ability to rapidly heat and cool the substrate also
pernfigs thie wsentibi) UHigtemparatimpfacesses (wtovr g ohimpcaetieallyy high
ossible.in the current HVPE hot wall system. The ability to control th
e B o SRR T Byl EREb i means
nuaibindtesovsitice positen BiminatisedofP28mathd efiosisc g recthys ihet edsess fraction
NS BENGED SRR, GAL N SN [RRFIAR YUliZAtAtd. AlRGIINn
Ofﬁﬁgrl]ir{n%%}nalgﬁs%cﬁgs&gﬁg ﬁ%ng Whatg IS traditionally calledea cold W§|| wre A

a lesgrammbrmohvarisileventiomm e Wit therapser st eReewrine g eo1e S Edic
defRRSH R e IR W a%@@@c{%@é?a&%ﬁk@&g@ﬂ 084R45 SUFaR) RAth@!for a

systems are heated bgbbeing enclosed in a furnace. In the new system,

pegafl o Kapstrahe o et W Sy Bs ans RRe o Here BREMRRhghRyE 100
hol@saehiENe s ina g daMRIRAlTE: istiisobr he RiRgoat resiklanaemuch as 300

ting. In qpne embodiment, the syste nsists of a reactor chamber .
© QAR B9 0 LA OB ok B cecis
cab Thegfaph '[ibigstdf_l éateg ib}otmmpﬁ@razmtiégm disirahesgﬂ H& My arttygactwelFhen be
opgr%?éﬁszié]%%ﬁé%r ‘?’ﬁ’i‘isc&ff‘agrg EoBgllepug! %&M&Viﬁ%@%ﬁﬁ%%&%&f&mﬁﬁf to those

cases the wall temperature control system consists of one or more
obtasgibuls ticrraaswEehEavall temperature in a variety of locations,

comingdNith i fEeHbRG SYSIRMIRAN HR! AR FARLRAREASNINSHNE ctor

to the wall region to maintain the temperature at a preset value. In another

ORIt ihaRtY RS MamrRemdratrd i uentondivhy-mns AP pIdRe 4R spent

prodieitbedenias ehtbadaactenyallsifescanlngding vall damepaeradu@uimtitative
not constrained to be constant.at all times; the temperature controller.can

ra e OSSR Y R o AR T POV SR e T Ace

techthérgduriiig ggoiptheor wibintenaficd AitheliGinotlel fodUs ok the ifotloviingrder of

abg%s %I%I%I’E \Bfll{cgla{s'lg(ir%ﬂﬂrt%fﬁ{ar? Qf%MPé’xgé”SSQ}E?al deposition equipment.

Reactor utilization is the period of time during which growth of the material on the

m

substrate is occurring in the reactor. For conventional HVPE reactors, this value is on the
order of 40 to 45%, while for a HVM reactor such as those disclosed herein, this value is on
the order of 65 to 70%.

Growth utilization is the overhead time in the reactor, meaning that it is the time

during which growth is occurring in the reactor after a substrate is provided therein. For
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15for producing gallium nitride (GaN) wafers, it will be appreciated that the
equipment and methods described can bc readily adapted by one of
gdﬂl in the art to also produce wafers of any of the Ig \f@g%%ﬂﬂ s
semlcon ctors are within the scope of this invention. Accordingly, suc
equipment is within the scope of the invention. Headings are used

cortERNENAUHPRCIalbsQNY; anduitheytinisadeddupiiation, 20MSeMERVM reactor

invention provides equment for high volume manufacturlng of GaN
sucharehoth dfselecatsiibaiiis WHeHRR Bttt Metetrdg 100%. L., close to
thaemwlmhﬁsaﬁﬁmumgptms@an be economically reallzed/constructed
a,? ting/ tOdI r f&aé VPE equi metn% that tg%s been
and g‘é{ VaVEES Pgrﬂg‘.ellcon Fgﬁlélpi 3?()9 racf1 ice t IS
whmhemmt ﬂm@n@ﬂmm@mm@ ctiakes aexpe nameaag@hhmment HVPE in-
sie PR % 0L S ag, 80 G GORRIEIL B AU, EORAROBE R thcrma

ition equipment from scratc tea sustaine

mamgmmihgﬁapw@éNadep’dbnrewb@emméﬁpewﬁeWﬁﬁﬁ@ﬁwwﬂm’owﬂs The
usd 3PN ARA acQnAigalikrealizedeonsttugiedJnaking darasted rog-lmites,

modifications to existing Si processi L%productlon roven equipment.

2reAtNg AR 8RS OB Bl Wy iBrhsHRes WS Steth ey CE tfopregupor is

coRRINDRAATERS @ea%@y&@amtmqmva@&ﬁﬁﬂne;n@lmgt?@ fﬁHﬁiytﬂgbed control of the
tion is first directe eferred feat S to be

SR TS (5 BSOS G LR S P S ST e gprolied

watiarietietativecsfioniSe proressiog lareingtoé sonbegl wdictarlsagrinall ane

mafleae[t&%r,pel(%\:/::l“é}g e iﬁl t’g)l %dlg Eggltr%% e(?(r)]doé ntents '?%%%{ % %to%r%%%l?s trlli]e use of multi-

te@mmmweIwmmmemqwunvemhbnnéWrmﬂeHYBE hot wall

sy SRR OFIMRERiR-PISMEN RS-l theRs.{eat RSk va%e gﬁa@&»@ugm{b'ex@ﬁmst

of sustained, high-throughout production, most or these features are

comﬁ%@meﬁw%mmdéegggmﬁ b diRera g oRgrfgeRs the time
beRRAUlY-Auomatednatasnandinawithmaparate cooling stage which
allows fast loading and ynjoading %ﬁd 5pr%%essmg a W%E’I}rg”e the otnier b
one IEFBRFHEBAYIS REE MRS driBRITEBIE B bfhypounas can be
ustgastar &emﬁmb&pﬁeﬁdokmmﬁammﬁmnbﬁﬂm afomgyged mwatﬁcmpmd can
rov1? Etei%g u%gtu Cx? \«9 ge/e%%kc e befotlﬁa Irzl{é] rt“cri1 dﬁ/elzi mventlon a
P omate Ing re Gces Vield 1oss and water brea age rom manual
suﬁ‘mmwk@gmms‘lun me@awﬁ aBemobichdenbisiosadits halagie sras. In

paltRIBLS. ‘Gﬂﬂ&hx?élf’e‘ﬁsdﬁ%iﬁé‘ﬁ{fhgsﬁ‘ﬁﬁféﬂ 8;6\9{9%& ?ﬁ%%%%%%&ﬁl&‘?&ﬁ'ﬂe
as 900C and save long cooling time. General embodiments of the
phpjpelrrece 8 AR Tite I H g fiFBEedicimad Grthle eanpexYigr & sufficient

evBRRBHENRE sSIRM; dhwillhename.apBrIeRIBAW TR e M akiscosity state at
embodiments can be routinely adapted to par

ticular, commerC|aII¥
terDERRITES 18P ARES SO ABRIERTTFHS (OO Wing ARG S TRGm ifretykeped on

thédR (At Qalar; pﬁefeereqhet@b@ﬁa menihahihissipientianchyandiotitsclow about 400°C
s ételf red eatur ?]\E rlr% ??ed on (%ne of 3h§1 EPSIkO w1(nl sen es %fﬁ 6GaC13)2 or
Sing e W8T ep| axial reactors avataple from A merica, ne. (

G&aAL.It is apparent, however, that the invention is not limited to this

partiglaf REGIE o5k SMRRAMENL RS ANANEL fXAMRIE 106y '&@Eﬁ%&%‘?&&fﬂ These
easily be adapted t6 the CENTURA r) series of AMAT (Santa Clara, CA).

compounds are similar to Ga;Cls but with H replacing one or more Cl atoms. For example

tectk?nrology

monochlorogallane has the two bridge Cl atoms replace by H atoms. As shown below, the
terminal Ga-bonded atoms can also be replaced by H (note that there is a cis and trans version

of this compound). According to B.J. Duke ef a/, Inorg. Chem. 30 (1991) 4225, the stability

10
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20Preferred embodiments of the equipment and methods of the invention
(for producing GaN wafers) are described in general with reference to Fig.
w]o %ﬁ%g%@g preferred embodiments are then described in W@/Qﬁﬁf‘lﬁg 4845
with reference to Figs. 2-5. Generally, the equipment of this invention Is
designed and sized both for high volume manufacturing of epitaxial GaN

of !ﬁ%ﬁ%@&@%ﬁ@k@ﬁtﬁﬁi@r@d@&é%ﬁﬁﬁﬁﬁW&ﬁE@E&%ﬂﬁ%i%@ﬂ%ﬁ@@@t_m-
25 GENERAL EMBODIMENTS OF THE INVENTION For convenience

kealrmeiiduHELHROT $HE RIS IS gleampiudbael Withhrigrcler @
brifginigH kicnie misoidireeupasicFnbystenisCs uhsystRorsalcfo Eer frutdliog of the
rocess gases (tor li uigf X SUb?Xb%t%Q?%s% including a reaction chamber;
o Hﬁl%rﬂgsy ems Fwaste J0abatement, As noted above, HVM is an
attribute of a combination of various physical features of the system
cried herein WO
2008/064083PCT/U§‘200.[ 024845 I:Zgﬁ‘ERWAL SOURCE OF GACL3
The structure of the firs (’@sﬁe\rp{ﬁé ragass gas Subsystam. "
especially the galliwu'%%@bu | vapor ;%fae, is an important feature of
the invention. Known GaN VPE processes are now briefly described. GaN
VPE epitaxy comprises synthesig’ng?s(;:aN directly on the 5 surface of a
heated substrate fron¥ pregtyset. gases Cgﬂt@@ing nitrogen (N) and
gallium (Ga) (and, optionakty:ien&-oF-i
gases in order to forry |>!gg?hiqid g anchm@?\ally, one or more dopants
to provide specific Blectronic conluctivity). Thé*Ga-containing gas is
usually gallium monochloride (GaC1) or gallium trichloride (GaCl3), or a
galligte@rgarmc et patiAtlcenthititetbyrgativint 47 &G Meved using substantially
._tri-methyl-galliym (T, .In the 10 first case, the process is referred to as. .
S T A e s e BT PAC G it & Tquid
sta(M dtzl Ongisiet\FEPHST. Pheskube EpitentyventiFndeshimit&irgiepértiey b modified
o g&%}%@%ﬁ&%@ Hob.SrReANSHABAUTE B SARLYRPRY Bfomarc

: n situ in the reaction vessel, e.g., By passing HCI over a boat
appesaediisrig MepiihFaCintesrivasertrdc beloy dhsrambing neiat Bvhbikeie the vapor

préQBdOAFHnMe ARSEACE: QlbrpnoiRsGkyisfds commonly supplied in
sealed quartz ampoules each with about 100 g or so. TMG and TEG are
vo|afﬁé<ﬂqéﬁ8§m?ﬁé%?§o%ﬁmﬁ?@ltﬁe?é ISUSLE mBniRhNRRSF 4ty cotion
deSEIPICORE (RIOL, Quality hbddiis avajakle i signdandncytingptsric pressure and
Alternately plasma-activated N2 containin igns or radicals, ca .
RS NGRS Mol NS DS ARG AP fsricd
abuwithf6s ACTR. dre@Gad beien dichighitR@ pootassitbmpenattfifesciNifrogervapor pressure,

radi N r [ own.in. th j
D D R R SE0e Bt e
logdempetgwstitrogen line to generate an electromagnetically induced

PlasRA, e D1 JPiRiTAdEnBR RS TR IAINGTRIGIAES:. The low

usually reduced. Of the known VPE processes, MOCVD and Ga.. HYPE

thegpd BawsH oL b TS as g seiraplisdor dlsmady redy e bR Hiee required for
heMaBURCHIIRGEObEROLRIMY pitide laversidibisinMOCAYEiless ApRifablet and cool
hfoié)he %roi/th of filmi’greate th tr.l 10um because achievgb}zee de otsitior%_ I
the 3HRStTARR 2 RESU R B B8 BN TEPBSTiEH TAISS 5 eV AlS 363&?@%" 1oty
popsintessas: duorcaxBiviplehi VIRE fefeasititin pdtdigan benirnthiscranljecofperature
00- 1000 Whour or more, whil VD rates. are typigall t 10..
Qs St e SRR T Bl BB SES B o of
wil danestsaeatsupplaesh it G dve qsredermingiteaderc tioh gheaater ylization.
orderrip, faumitG AR RIRMMIR B dsillheg PeR.fRuach that mainteling.n

such a supply of . ]
system, but in this invention the wall temperature is controlled to a specific temperature. The
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liquid Ga in a foom that remains reactive with HCI and that is sufficient for
high volume manufacturing is difficult. WO
é 6& §3PCT/USZOO7/084845 Therefore, equipmentP fr <
wiﬁ/%?lt(l?ooén Sljs primarily directed to GaCI3 HVPE for high volumg }B§2007103484a
manufacturing Optionally, it can also provide for MOCVD for, e.g.,

curfGRAION Al IR SRR ANS NEnIkG TEUENEL SR & BREEHEY BEIRL only

high volume manufacturing requires a source of GaC13 vapor that

the unRspesheldermae mvtrswtsate Beatedar busras named Bivinsthifvehiffishding
laripXeepi fomaaiesdarding/upleasting dmébeneastion.chambpidoniee system consists

fsufficient perjod. Preferabl%g, an average susﬁsirned ﬂegﬁosition rate é’\s in th "
of $IRYEEFIHBNG SRR U 8%‘%“@%@5‘%%‘6 RS SRR @}n SHE
Thu\@f@h(mi@meat@tbly t_ainpmifpdhaawafﬁ:m)dﬁmﬁimntmmm.tm ginetotdaeor walls
RIS RLARRORIEN Ume for cven dhick CaNIYeLe A DIRMAG U & conyro

pre erred cfeposﬁon rate requires that the source provide a mass flow o

sySIOnGatiewijsor ar atsoetsdmdximatalpesdor 30 ccgiprenute OOty of
locliGHIBE RN iRk lRverRL GANGAMRHSESARAUBRRER MALETY S &f the

Ga while GaCl3 is about 40% Ga by weight). Further, such a flow rate can

wal RIPRIR B HARRE AP RIS IR IR FdHO n 1B SHRtCH rsthadiiBRnt. the wall

teni@@atu&tig%g@&%@@t&ﬁgﬁmrﬁsﬁaw&ﬁﬁrt%%@zw&@r@mk{m&\fmm&lmt
one per week, or more pretrerably one %ilbegst ever%létwo%i? our weeks.
9 i

CoNor N It FTBrEPAHEE BetRahTRa IR RRceaH i foiegperature

coteadiebawatgrs faarbatehies afythdtiple wadars)o acil gprefeyably doreafoleasice either

100 or“;tgo or 200, or 250 to 300 wafers or batches or more. Such a
durm% rgrcrg it n(gtrfgamtehanc

o) Aown In the prior art. The equipment of the invention
providém el HE 16cso uf dhet fritoovie podrsmp peobiepnsniaritr de mefachieusboediments

fox%%fﬂéﬁ%_fé%ﬁﬂ{ﬁ&ﬁd‘ed%éw}b@%rﬁﬁ%YW& e @Mtﬁ%t@%g%ﬁem and

been 20hindered in the past by certain physical properties of Ga

methiedls dessrisd aEEbA Maans adaated yoacsivy Arre vhidor chp Betegriseryoduce
waRYPUSHBMATIEN, Elawrvas {thavReroaciesmined thaldn(dBihis invention.

sublimation rates are inadequate for providing vapor, at preferred mass
AT PSS SB CIHPTRSACTHERL M SBBE LY HE He Ve oP Eaft e based
thritied(fyrelaperadignfikomithed guiddedfaceatdawever, it has also been

deteypined that svaporation [ates are, enadeauale oL BIVIAING, or Gun water
preférred mass flow rates. Further, typical pfysical means for increasing
thataitecodmvaival &tiovn et agiteiontidubbBlaferrahdnthedikentiorhbiteimoreasem can be

ec reﬁﬁggﬁg%aﬁﬂgdﬁ%q% JB? 9&%&?&9&%#&%%@15@%t%%?ment that has

vely viscous.  What is needed’is a form'of liquid GaCl o
beepHrsianty fonmar visksampramdyievrinble der GH&ey £ it Ecdvepes ihathis
inReGNING ek apprexinately- 12 panth e SR ciall Bh AAAROMocess of

approximately 130C or above, GaCl3 assumes such a lower viscosity

degigliinat SNSTHERTESHRAPROREES [Pn&tdr drTiAR dRIRMER! iRl Hakh
magseretiand dissanarechpraGimiieptanph \d§aasiyns Eiterpivintopysieaimore
R R R R L R RIER R o
exRO08/M08SRET ME RO P84S quipment. Along with such modified existing
equipment, however, the invention also encompasses de novo construction.

Accordingly, the following description 1s first directed to the generally preferred
features to be incorporated into existing Si equipment for GaN production. Features that can
be retained from Si processing are not described n details as they are well known in the art.

In different embodiments, different ones of the features to be described can be implemented;

12



10

15

20

30

Accordingly, the GaC13 source of this invention maintains a reservoir of
liquid GaC13 with temperature Ti controlled to about approximately 130C
“Qﬂ Jgse‘s physical means for enhancing the evaporatlon g‘{?(lsghlﬁ?ﬁs«mﬁ
yS|ca means can include: agitate the liquid; spray the liquid; flow carrier
gas rapidly over the liquid; bubble carrier gas through the liquid;

the IHRASONICALY FHSREI$S IRBJIAKICH QNHRA KGN P AUCUREnIFRAFIBREVer, for
discovered that bubblrn% an inert carrier gas, such as He, N2 or H2 or Ar,

highgr Aevaigdr st HhipesBPRHATBCUTaoWe Vs RE SRy hSss EHRRR AL

adx@ﬁcﬁée%u@ &hd @@@é@l@&@&@wﬁk&@Gad@ﬁéﬂﬁhiﬁzg)fiﬂm\fwﬂgaﬁﬁﬂ{?ﬁﬁmﬁﬂated
A@w rates of GaC13. Preferred. confi urat ns 0 m %eC1§ urce q
AL S(%‘E%ﬁa%%Ff’é’éB‘%Féa&?nwﬁrB‘b% SFF i Brger &

proaeknm\gea T fae i ketinpetiaitseeco mtmiinglrﬁgdqbaﬂhglel ehmmseaumdmabie

the reser oir. For examp le, the |IIustrated G ource lind |ca Wrth
€Xp0 qure [+ TG&CtOI‘ %)Pere 10 iZE %ﬁl LIC 1 %{‘l é 81‘ VapOI‘
at’'is conS| y grea lame er

anmrd)b@amn@raﬂ@agegenhb@ﬁorg rlalraeaowofeawreébc aetmm:i inmﬁseggreduces
yidRE RO S R PEFIAL %E %&%ﬁ&&m AU LR OREPER Bk LR Peiathulii

of at least one week, to as high as 750 to T000 g per hour for a period of

waagl fsased bl tBn sy ahishaHevinhes ipadinmpubralonding sidraipsgpiure as

hidhoW ate@Rchdutatign.caRNA kel-on GaCl3 supplied in individual 100 g
ampoules. Such an amount would be sufficient for only 15 to 45 minutes

of uitiRbsH FRke apsRRIh e Resfered icath el hipadrarenaTe st gescribed in

thes&:i;!ﬁ@@t @ffmg%ﬁEM@ N d§stangelGat &%ﬁ@@ﬁ)ﬁa@t&@%&ﬁ@sﬂ’@mm embodiments
hijgh-throughput gaoals of this invention, t tlme recharging GaC13
car OB G AR AL Ef VP AL AT UGS TR U The
foldmmmldaiedphymhettemctbm;e(bicﬁqﬁiﬁddmpmfeead|l:ynbudiuahman°phmnnvennon
sture, The 13 charge, th source pI lin

o R O chi e D B OSSR I LY i waer

epmmughwmg@argldblvméxéhib%mﬁﬂemtbxqr{é’lirnvem@rﬁndmesmrbégwever

mARApERhOPId NG M@@Iﬁ%@%a@é&ﬁ& OGRS Lrdeash 2RO ABKIxample

or at least about 50 to 70 kg (with an upper limit determined bg
the dryeRERRS SR %ﬁ%@é@aﬂaﬁmwﬁ% RACAqUsH g of (Santa Clara,
cApsitioning the source in close proximity to the react|on chamber). In a
preferred embodiment, the GaC13 source can between about 50 and
100 kK BrEhet r%%%‘r%%ﬁ SR ELE BS! ?1 255 “i’tVWﬂ(Beé r producing
GaNalizeds fhad deertbsdrio seatrappih infédtocthe ddpatityofithenGaGa3ed
ource other an he | trcs of it nstry and use Furtp r
S e A e
eqsipitchirf fhomnoretisouscitigemiothe siadtbnth ea digh doluntimeenfpsturing of
e ﬁEQPaW@ﬁW&ﬁ RO IRERRE SRRV RIS R IEALNIS 0BG @3don,
replaced with a new full source. WO 2008/064083PCT/US2007/084845
A further aspect of the GaC13 source of this invention is careful

temperature controleFRBAUBIRPRMEHEWE SHEHE BT and the

reactign GhasRgicelha emMper AtHratRinhB-GatehBonUp @%Bﬂ@@ @Bgkribed with
ssociated mass flow s contr IIers and tge like grablxl ?ircrease
ro{SERRR M Hrh TP LRTRTSTIC T SETRES U IO Bt ro R B Bigees
M@&q&zﬁﬁﬁ@ﬁtﬁﬁmﬁvénbcmddgﬁm thenBaCaBi waporsiontke for waste
e%PIX lines and the like. However, temperatures at the reaction chamber
ntry must not be so high that they might damage sealing materials (and
otheAmattricdbp vs diMivithers apphutneleantbmtdes inioesphys s stapmres of
15 AT GARI AR AR B0 RSKEIE PutlAgs: and the like. Currently
sealing materials resistant to Cl exposure and available for routine
commercial use in the semiconductor 10industry generally cannot
withstand temperatures greater than about 160C. Therefore, the
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invention includes sensing the temperature of the GaC13 supply lines and
then heating or cooling the lines as necessary (generally, "controlling” the

“%1%)4 (uﬂ&semperatures) so that the supply tine temperatur%%&%gg&ﬁ% 845
w

(or-at least do not decrease) along the supply line from the source, whic
is preferably at about approximately 130C, up to a maximum at the

1. FEastianerambss Bletwhich is preferably about approximately 145 to
155C (or other temégéerature that is safely below the high temperature

tolerBRCEHF OIFRG 16 (Ethabsusifiy HrRErs) ervshettsirBaiins ¢isdy the gallium

coBEBRS Y LHPRAIVLS GRRTRItTBalaRIiR bR SHRRlY HREWEOWBEV RS rocesses
source _a&)grat%ﬁ) and _the reaction chamber inlet stﬁ)ujd be s
[

hort,
“TSRENE PISHY | ETIRER- 28U Hop B PR eSB! ?Sé%l%gf?ﬁlﬁéf‘b%&/s&?éhe
sudnver dhe Keaed sebiirer o2 pantisibeddhysapiessikerdoorol Gystathpifium (Ga)

() EHSE AoRecl o the. GACI sauisr of s Invention s precise <ol ofxcg
ri e a&? yﬂUX mto‘?ﬁe champer.in a%’u%é) er emnbo%ﬁnent,ntﬁe 8&% §m
nitfidgsfrodotiewdhromiscd epeadeparontthgresidperatifie dttromBardydheity). The

GEXGRAMROVE! iheGaciaand Mndawaioas et & SpRietiiMgHaR (Bsc1,), or a
GaCL3. While the mass flux of GaC13 can in Ermup e be controlled by 25

eallisgnorgtaicpaRaweler s dprahired 2AE BB EBRS e EMS). In the
firflbs Ry AR flgunel GRS PEasiNeontiRllesrédsure Epitaxy and in the

Routinelé-available ?as composition sensors such as a Piezocor, and the

seqpst 74 MENVHE (SIS pravicd RIaRIGHATESHIGKt the actual GaC13
masS kG eeniraliprgparisspa(Gatiqeabliito sheyraddtibneahamnhets Inequire that GaCl
elion, fhcpreseurs oveLiie Saci3 spurce gan.be compolled B8, continin
Vebressdre contro system- peface of the Gl dt the 80 bubbier 1:Fhe g
ligpré$surér controlt sGsteinise. gtabl badkiprtesstnenf eguditionsdliovhs fbsaontdl
m&EARE) MREPIESSHIER V'Ev? Pt 894]&%'%8£n9% QLK RIEQURAINST 100 ¢ or so.

pressure Iin conjunction with the controlled temperature of the bubbler and
ThKe frenf Faiasrplatdadibr diasizciitarasimingges 18 usually ammoma (NH;), and

scrRRQRIRANGRRGT NP 200¢4084i1845 Imnimved gedermination of precursor

flow rate. Optionally, the container also includes an insulating outer
portibHeTP i HeRIPEBRAFAE MrafetiafSUAREH YOS QE P ISOISrERD fif irigd 2s the

N-Coidistpply lnsiscanenn hainlehmaanifald ainvetiasGaCReGh@litven at high
Gacl3 are p!gllorin%rtesistar]td.F, r metgl 5com€)8nents,l a nicllégrl-base allgy.
PrticR G FrAStE Ny, Of taRtafint of & tant&lum-based alfdy'is préterred. © “™
gekerdhby corrodsigneresistaneplifor mteigtomiponienfsroanrbplprioy idkiche & RF source
rotect rrosi | tj h ti NPT
o N Wi i s
megtd the arpsefesiadherisoimertuly iséigkéomponents can be coated with

a fusggipllicsoloy &rmar ﬁr&%@&%ﬁh@ﬁ@m%@ @%@Pﬁ@@ha@ ERTRIRILO be less
SILTEK(r) and SILCOSTEEL(r) (commercially available from Restek

degipbie datisraiHacnhish Yelnpkstatetreg previd CurcHbatiridsipgon First,
M@@mhl' ! m%sgﬁaéﬂﬁbléiﬁgﬂZH;%%ﬁiMhQﬂ:ﬂBﬁ%zrgﬂéﬂgﬂnm&@} eemwl {Svable
chlorine resistant meric materjals, (either carbon or; sili e ers
btttk el et S Rl
Fdn@b&g@lp;%ﬂéd@@ﬁﬁmﬂéoa@a@ﬂﬁawaﬁ@ﬁdﬁ)@-hﬁl@mﬁ@mmmore, while
MGEOHLHE (0 L L AR B LB E S FRATE B rbte
begrustIiies fopaess rediest thnicadupationsliapah 613 doprensaemstbo thdsbueskamber in
or&?&aiﬁﬁrpgﬁ@lﬂ?q’%mmﬁ Hcine RGN e ek @ﬁiﬁ{m{ng such a supply of

component of thé present system) is or can be so constructed or certain

liyd derindeiims s SRIHBHEACISE b ek ARt chapidpnt for high volume

- mZQAIRRANIBRAVERR@L, cleaning and so forth, is required. In contrast, the

GaC13 source is
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configured and dimensioned to provide the desired amounts of the
precursor in an uninterrupted manner to facilitate high volume
of the Group IlI-V product. Thus, the source is
‘Jpgr%@lﬁgﬁ%bt%ese amounts without having to be shut down or g%%%%%@%“ﬁ
discontinued for replenishment of the solid precursor. 25This can be
achigyedssithes hyREpvising sWlgiently Jarge-ayanities of iRBMYPE for high
precursor in a single reservoir, or by providing multiple reservoirs that are
volymn msridactseendPrenmadirdbos é!éﬂéﬁ‘%ﬁﬂ%afﬂfx%ﬁﬁv% farstandapatition of
buffeFlaRHo lgenisy SIeMHIRR VESRELQIF GAuIDEIvwer fieditn Pedvigtentagufacturing
gaseous precyrsor, while one or more other.reseryoirs are bein .
reargpsieh ﬁﬁ’!‘é‘fﬁ?\ﬂ;{tﬁ% I RSP S v H P i S8 ARl (@ e mamtaimed
withiainterenpied3 0sysiefosnetiihasngisitedirpnthkcoparatiochefvite) for a
actor. In dimegts the GaC13 source is al[so ref%gred to.h r@@to
I

su 1caen9 61‘103 u?@e?&%@? a1 a < SUS'L&HIG(? (?3 SIH1I01 raie 1S 10 INe I <
as act%g continuous ff’inntha i SOurce cartdeliver its contained Ga
1080itodtoefilikgMoperings stehatiagprepterisiingeorathéomprocbauherduritgple

w9 200910RA0RRP RTIR200TAORARLS EI 16 UGS IOUING Lyers.

A ltIO n other WOde, t'h.e source QeS ot by |tsle necejssnate
Actheingplioh P GENdaisooiioen misoeaside Serishe seprereprade @ arsgilow of

GaBPMGRoF AN 680l BRmbR 1D @5_@89!3%?&‘&59 {2 2480nA PHR{BLeRE AW SRick layer
can include multiple reservoirs (i.e., 2, 5, 10 etc.\%‘ézlévmg outlets 5 which

of GV FRIEIGE ALY AR MOlaDE CAT B E BlRVeEl FFARPIE N ftnhy weight).
Fuf@SeIvaiiSaifiSeeieRer pefarisiaiemimibiade fovdng finabhteinaacinge mst
e often referred to as.a single source. In preferred embadiments, the
PRSP HRR ORISR ARG AR SVIES Yot SUEre A TR most one per
wegketal mogapefcaiiponnds Isasthatly ©C UDiprosesies AawhiEngbrfarmetfered
Far example, MOQCVD. can be.used to. .,.deposit.thin GaN or AIN er

o ARG e e e R4 S RS DB G, ang
préfemabinfiditidneit pRibesd shseL00rrbSbutipRiywatippisdaishion onmarethsuch a

sofde is nol RRKOUPHY: RERGURON is a gas containing one or more Group V
atoms. Examples of such gases include NH3, AsH3 and PH3. For the

growkRCETITBRICN AB S EASRAIRP R d5e At it OaFCp B Q¥ LemSERTobIems in

ordBERT REKRNQ rﬂn@?&ﬁi‘é{ BRical I kar M'ﬂdﬁmﬂ@!’aﬁw}@i@vﬁ@ﬁﬂﬁ@é&é %ﬂdr%@tﬂfas been
. pre(;ur ors are externa Sourpes. For_exa semicon UCtOI' ra .
hingE e e iy B PSR BIEPEBi6t Va ALY sz AT R paLisns.
Gal2;dse aviddabié apoeryagénifohquidsbr lassgaleatialsotiiwoniginées béen
various, siz uxes, of these gases can be routinely controlled by mass X
delf TN A CL NI SRS, H0552 SR Gl SR O4BE: BY HBERed mass
floof thissinVentidn(@d atsdtp ro aineifGR Yok s apbotertiGroupftitratddridesporation

fropifie RERGIPAR CHOMEIRY a6 it JAACRIGHES! B?JP%%&E&@?RH&X are

~ the reactor subsystems are preferably adaptations of commercially
ingdggnas| EFPseT By STEhsT A mRitaBleYaaktor wibter il So A Sis th TR BT

ind4SBithig: W@J&E&@B&iﬂﬁiygg.?&iﬁzﬁ%%&fﬁhgf the deaturegdadigiesdse
described. These features 25have been determined to be useful for HVM

evapQEaliqn é@tgrglm%emlér besanse S gmd 1s known to be relatively viscous.

What is needed 1s a form of liquid GaCls of sufficiently lower viscosity, and it has
been observed and discovered that beginning at about approximately 120°C, and especially at
about approximately 130°C or above, GaCls assumes such a lower viscosity state with a
viscosity similar to, e.g., that of water. And further, it has been observed and discovered that
in this lower viscosity state, routine physical means are capable of effectively raising the

GaCl; evaporation rate sufficiently to provide the preferred mass flow rates.
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enhancements disclosed herein. Although the following description is
directed mainly to embodiments that adapt existing equipment, reactors

995%&; ,systems can be purpose built to include the to-b cq%ﬂﬁ% 1845
eatures. The invention includes both redesigning and modifglng existing

equipment and designing and fabricating new equipment. The invention

30alsdngigdes dhedastiing QAN Rt entoSERRIAIN PHEISUSH SERGHRNGACI,

chambers have horizontal process-gas flow and are shaped inan
With ISRRGTAEEEIY heRRRES R ahoLs g iRE iU katRrh RARiHde SRRy Sical means
forveffigRisimensigis-aod gieatardagizenrtahdiasnsionghidertaintieaihyem @l spray
thel}griz&né]al reaction WO &OSIOG%Q?BP. _‘I'/L%%J 007/084845 cha ttJer . are,
imPOftantiiAg Gipr OSTRR At BURRY SEHRSTiRY Brlnr:
ultfasdivadife dsspdrdeate TIHER MALMARS BYSGEPFOFRhANB:h Addvered that

bubbiing NG c':rag'xtieti”%aes,s DehLE ePﬁ‘zg'PPht%lmR?%‘}}“sfrera%f%eefzt%@l rs%gn%%. n the art
new wafers and time spent ramping-dowh temperature after a deposition

threwghisr how prodectvestidodiiould belimitas Sratiinimitedt THEfeforegpable of
prdVRIGH R (Racirs ARd RSANGSOPRIRENtRISR RaVSIANERGINR he GaCls

masses (i.e., ability to absorb heat quickly), and the lower the thermal
SOWREAES IRE AR fBITBAS A HIOFRIGE9BH S dififorolame Abe ditrp achieve

beiRbragg iR beating [amphanahasiRniodiaasRarantWals gk dr example, the

... lllustrates reactor 25 made of quartz and heated by lower lpngitudinal IR
143 R AU PP o Bt SIS el tn the

dizhamb&onGdhatkialpsidde Hrisisd fiiently IR drdbspaceivd stficiamtiBGburs, to
esistant, and sufficiently refr .4.C D LOOP TEMPERATUR
2R 5 T M O T NP B O 4 et ome
Wacﬂegn i@ig}a@ﬂéﬁ%aﬁ&%g m{ﬁehm:sfrs’ als@_dtﬁmd@nﬂﬁ\ﬂmmmdlalso should
be ligyted,ormipigized, Rut ﬁé‘&%W@%%@%%%@ﬁn@@%ﬁ%ﬁl@aﬁnm rely

products, or byproducts can deposit or condense on interior walls. Suc

ondédsithhindds neritishisd h 0 e eideifi SAGMMATIHHEES Pkt dg pifficicnt for only
15G8NFOHINRG! RS FeMPRIAISI A HRIEBRAMRRE WIS SRABIA! MM COORTACL; source

them to an intermediate temperature that is sufficiently high to prevent . .
of 53 SheaHEnHbITER SHCherRe Uid 1R prbgtR it AU oAt oS
intenpitey e oad\fermationgndGaniosiine: onprdovalis liRieclrskis diseddtharging
. GaC13 HVPE processes condense w about 70 10 80C: the )
i e R BRSNS 8 RO B L0 ) dbosperi
m@webé@inﬁaﬁifocmlgndﬂ@bmsﬁeaménhpéiaﬁlﬁesmxméi@dm@bbmﬁ‘&%moisture
prichRReL ?Alﬁlaﬁsn%%%%%%%o%sm@m%g%{? b%%ﬁffﬁlfe@xb?s%ﬁa the

- 200C, which has been found to be 25suffiCiently high to significantly limit
inysyeien dustleged sypreticRrabdhokhridingitaridishoet ke hasBean #olnger about

3stRdersifficientlylows 19 significantiynlmpi-caNiAeROSHIAM A FhRMBSENts of size

walls. A preferred terég‘{erature range for the chamber walls is 250 to

anéé’é‘it%hfé‘h‘(ﬁ‘é’r’a"rﬁ%e WBP%B%%?@PPH&%&é’é%sﬁéﬁér%?)%%ﬁ'ﬁ’é‘%%iﬂw@e
reSimbiefwals. IAINUERR dransiakentiileharthesonaliscanchbrRVeselasHout 50

anlc:i] q%%?ﬁlgtgfs(?ﬁ%,%ergtreergb?y bhe%%gen about 60 and 70 kg. It will be realized that there is
no real upper limit to the capacity of the GaCl; source other than the logistics of its
construction and use. Furthermore, multiple sources of GaCl; could be set up through a
manifold to permit switching from one source to another with no reactor downtime. The
empty source could then be removed while the reactor is operating and replaced with a new

full source.
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30transferred from the high temperature susceptor. Fig. 1 illustrates a
preferred cooling arrangement in which reaction chamber 25 is housed in
“;aofg{%%&%gjal shroud 37 and cooling air is directed through /%}g%%mms
and over and around the exterior of the reaction chamber. Wa
temperatures can be measured by infrared pyrometry and cooling air flow

can Re; e 2008/064R83RETIMPRONHABSARAR RAIUSIa R A CHGIRAIME @bntrol of
example, a multi-speed or a variable speed fan ;or fans) can be provided

theawanly At Berssraditnuree Aadits taeeH gl Ehpempgiteepf the GaCls

supfBAR s Qfakasbo RSN A6 GASHE tditrb\Walamoadingondisipadingase

time. is also_not productjve. This time can he routinely limited by automatic
a5t LR S LIS SRS 40 A QORI AR L2 iR erder o
preaguipoeieh caivstdib Wad€lls vhpadmhtenspirito liacschodh kba divea fEics rom the

reaction c ber,.and generally.comprises, e.d.,.robatic arms.a i .
e L AU MR S COMIRITRE LS, AR VSN el scaling
magittheslisteprontniths reediiofhehapnbelinBrudghaateeriotarsterioheal o the
quiSBGHRRiGhAMRRLL0-RaRa a6 AMAMRIC Rk EXPARMHR P X LRIREMEHIAISS

wafer transfer chambers. For example, controllable doors between the
resisiHE Sy Cheipmierad treikhls for R ARISEI M ¢ %8 BRIsRicRdder
indi@;gﬁg%ﬂe‘f@lﬁ_} &@;ﬂaﬁmmw" blrﬁwrambé@.k') Ry @ROS muecﬂq?da'ﬂagm, the
._and preparation, further controllable door ween the transfer chamber
i G R GG S B LT BEF S SRaRSHBRE o
coti@dl thediirceptaiceSueh @sysitly) dsotpidvehthesppsnimotdngaeactsi) so that

interior o oxygen, moisture or other atmaspheric contaminants and , ..
T e e S T S e
thmwn;wetr@%wr&feﬂﬁ%aﬁﬁbv%app{@ém@@e ﬁ%@@wémamﬂu@v@tﬂh@e
refRbiOuinah g, 04 o HRlRRS IR LGB AR AN R IBARC A0 e

SEPARATE INJECTION Process gas flow control, from inlet manifold 33
eHPEREWR Eitidhoafehrerlpthe Hehdtmrsmiarg BrrnspbRiRgber other scaling
méi@s%ggtigg; EEQM@@M ﬁ?%tﬁh@@ {EﬂiﬁcMéﬂﬁ#@&&} %@é@%@lvﬂf‘@le supply line

referred characteristics for the process gases., First, the gallium

Dep AN IS B TR eIa &%ﬁéﬂﬂiﬁf&&bﬁmﬁ%ﬁm& ShOTy, PRIy less
thor efeiatypentidias, reaction chanbar 2hdhpeugheseparateGa@iisolineyis

spro I% ot be mixed ouflrtslide‘%he rﬁaction chamber because such mixing
Cogaﬂtf%agytg Dinaasiabie ?ei%h%%ls, e.g., forming complexes of GaC13 and

NH3 At espatiat itteffefd vithrsabS dguante@a dapositiorentrol Thign GaCl3
n@iGlRRAIREN NG BACLEBMMESD (R15.216 RISIHARM UARGPH Spendent

that the gas has a uniform composition in space and time over the

onghg seprsraiigy BedrpfddndemaesHE o A 596 Shd dhe Vo ob gt dhat is
puliesahtbesuncenion(andstpRared waler etarafers) iatmyipRIESUHrolled by

time preferably by less than approximately 5%, or more preferably by less

angp, af these PRSI 30505 SRORAIMERIGS RN G ALl RY varying the
fisinaitarbastip startiathynusiferm inRsueevesaliporignscofifs fitaesohibe such as a

.susceptor. Accordingly, the GaCI3 and NH3. velocity prafiles should ..
P AL SO (Se BT GaPoR VO SRS Btk B lgecro mass
200 /064088RGF/LERAN 7ABAS4GatherehetitrcHamblticn thapupeme over the
G UL gﬁﬁ 5 §8§t%ﬂ'ég) tha §§s§@%¥>ﬁt?opgy%tgﬂlrlf‘?' &%E&%‘ﬁ %@t?létiett of the

uniform across the width of the reaction chamber and preferably at leas
bubbles STHeeptiismre el Semse 8y8tdy back pressure regulator, allows for control of the

over pressure in the source container. Control of the container pressure in conjunction with

the controlied temperature of the bubbler and the flow rate of the carrier gas facilitates an
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Finally, the flow should not have recirculation zones or regions of
anomalously low 5 flow rates, where one or more of the process gases
“pggﬂ&%yﬁglate with an anomalously high conc;entration. Loﬁeq{fﬁoowos 4845
regions of low gas flow, or even of gas stagnation, are best avoided.
Preferred process gas flow is achieved by careful design or redesign of
impRS IR 06 A RQNQS- eI RtIRG COptiBR- AR RO nAMMSACONEERHAE an
~ term "inlet manifold" refers to the structures that admit process and carrier
insyLiEBg MEETPPERRon chamber whether these 10 structures are unitary or

whethgrdhey e mpr ige fée-AkINKE physcady Iseparadcit SGHTE supply lines,

manifold, designed and fabricated to have the fallowing general features
oo VLS| T SORTBUR [ SrBHEh D et AR B SR, i metal
comesien haditdiisdd idiagdvaritagébiss oy toe gasilonirntcaatskeiecbeskd alloy 1s
reaction.chamber produced b roposed inlet manifold desi
R R R e
prax&eive Tha piop osedadeeighngarStebrednjines ierativelyimpliovad ubiihieyen
it ORR6H YRTEMINRHRMQiARINALIBR LA red efiBiill AR thPe&AiUdAthonents

advantageous that process gas entry into the reaction chamber be

capipypERMaitedussambichinator 21PePdRe WRaRsRE-ElioeaBer fepprample

STEXRRRI8n MBIOETET IS KR RERINE L6 TR0IE SHERBAK UbMBIERERBas been
can enter can be distributed laterally across 20 the width of the chamber,
Ao O TRS AP HN P AR S BT PO AN CA A e PR 76 AsBtgts: For
noflifeatingpihpofa€| Itdodih e fita gatesdhramngtrtiab (edistoridtinedeidicene
[eacti n location gbove the susceptor. Further, to prevent spurious
pogé?)%s ORI Flréevicinity of the inlet ports, it is advantageous for the actual
inlet iportsw @b sgacedapittfrosp 600 taiteamddasédpidnsothtertbymounts
of {59 %sn%?&quqp %g%ﬁpﬂrgﬁiﬂ?thMﬁWQn%%! ﬂ%ﬁl)!pﬁ%ﬁﬁf‘et eénbodimen.t,

25ports can be cooled or can be spaced apart so the process gases do
thqerasx dertdliv vidipiggntained SaGi had s ifsuratm i Herihsdprbymounts
foPIIROMEREINR RaHiGar panfigration e Gati3rpdiditin ipiaisicarbe

improved, or "tuned" dynamically. Secondary purge gas flows impinging
AL O SRAPHRE oG CRPRRB L SR OFSIAt] AYALRE i 7@ be 0
copsifand castkianebktdians sapdrtset to dteithestdiondimber

increase unifor itX of 30 corgl(pr%sition and&/ekocit or r%\r/?e&'g1 position .

maintenance, e.¢.. cleaning and 0 1§ required. , in trast, sQur
on eaccto‘r C%mpone S. FOr exarhple, n eémbodiments ' where ee-}a&el\)?.b

coafigukid 3rftbivs:ensientth eorpactidntthdestvet ronwdiffelEr indetssat nsn

f DroVi I Ingrint .
oSSR NESAINER IR BRI e s
the epifise ihreproleeipysdisnbsye ameupte Ngdguieying to be shut down or otherwise
di<QQHNEA083RAIIIRRAN HI0848aRdapasiipn zone and to shield the side

walls of the reactor from unintended deposition. For these purposes, itis .
advahbayEBRs RP G HE% GrasteiUpsclint oF Rty iensg A8 atiicny dsiold
priagrshiambemnwalissendia leasepmiatgtmenipiyeahooiiheamiddiemnifohed
chamber, Also, preferred inlet manijfolds provide for. dynami justment
AT A BT i NG HALRLE CHE AU ML nErs VO e one
regivseiveo deonerapd tgmmmgambpmemsﬁmé&aml er _mlmsmd)maresewoirs
arl S S%egfé%iﬁﬁéh %%H'é’dﬂﬁ%}@é&%%%&l&f%ﬁzf BAMEie pehRAVidual iR upted
contrgl valves can be provided to mdependently adjust the flow of each
systeaasinchnithpsete AffericonlibpEntion 4008 Tafeteraks avrhrigelpiterfitre the GaCl3
sodtams Wittrindgrendentlyscentiotahig sslatly e flaw (AOfurher.ASREC A

a preferred inlet manifold include temperature control. Thereb

contained GaCl3 without refilling, opening, cleaning, replenishing or other procedure during
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inlet manifold temperatures T3 can be controlled both to prevent the
condensation of precursors, e.g., GaC13, and to prevent damage to

V\Zﬁ@&ﬁf@tﬁt@% -sensitive materials, e.g., gasket or 0-ring materj -

]l?(!' {&%Q 71084845
Scusse

e GaCl3 inlet ports should be at a temperature no less than
the highest temperatures reached in the GaC13 supply line, which is

whilf (AR Y AGEGRABRA I PHRQLAROUL PRI BRALEN- 3R dAGRAE by itself

approximately 150C. Commercially available chlorine-resistant, sealing
neGettiaatanEe Lk dapeitiRlls and 0-ring materials, available for use

in thmigai,esﬁa@agm&g, i@;ﬁ@ﬂ'éi’géﬂ@_i@lﬁ%ﬂ@@ éﬁ@d&ﬁﬁimmﬁlik@mﬂfﬁébresewoir.

reaction, chamber, begin to deterjorate at temperatures in excess qf about
Al AP GO TR By hfaton LN CRiGBAGers
whichingsmiaahiritd RigherGeMpembires; He2bdiatlableyeancalsddpbeusedyiirs in

which case the.inl anifold upper temperature limit can be raised. oo
S e i e e G T g g it
sorcthérpregarod abfoaﬂ'am@mham@pmtt@f 15'13@19@4@%@&@ applyoyidetlr
solfclQIRE BB HPRIAINER M BMBIRTLOLI BRP ViR ¥R SIGLEC DEaH HOR8: formed.

the hot reaction chamber and very hot 25susceptor. In preferred

Fopmaauiin i RCNR it tmasionl mehitpesic thetadirer hsbréfemigyers, thin
intChRONSIS IRkIEMPerabma; cantfetduifs d&0n fXaNRIeH efaRRIGHHI @f0E st ases can

to 160C can he achieved by circulating a temperature-controlled

be coNtRRBNFFRP S 3> SRABTRA R uids can be used for other temperature
rang€he ghaflvigebanaels prafeiahlyniup dnpooximityGamtipeviaroperaittenples of
ensitive porti of the inl anifold, e.g., t inJet ports and
GERANS GO e o Ao BT artné Hosttf 78S IR RS e
bewviese of ddveprosl dn ed@limm usimgreoitwaref phekages kagowthirtimatures. Ammonia

ang&ﬁérm%‘éﬁéb‘%? Whether ndhe ol gr liguigior ¥anol RRARE BIeKRANN;

to exist mainly in the Ga2C16 dimer form. That form is actually Very stable
reggdhlyr8obble Weoy Potsy084083PCIF 4SS OUH OB8IBL BaFpie i BthHawblc as
cryc@éem@iiaaﬁ@emt%a@g?sm%g asl1ASE RamanSRECYOBGARY HBM8se gases can be

confirmed that at 300C more than 90% of the gas phase is composed of

COMBR AR TR AR  OTE B AhaRFooq 67118 tiFBpRgerbodimens, he

cqOReRMPeRGE intethienGatdisopanadeds: Anthes difeisnoleap Hlishinjgdted
through a metallic injection port kept at temperatures 5at or below 150C,

tﬁ% decomé)osition of the dimer will occur only in contact with the hot
2. REACTOR Fh

susceptor WHIGH IS At temperature above 1000C. Depending on the

velodigrofithelgas:ahuvestie custeptdrorigoesitiertetime trefpokipndiptations
oftM%Iam?ﬁMlhﬁ’@ %%SW&%QS ”)19&‘1&%?&9&&61@%%&&&‘@&%} ngi‘ggﬁcﬁn and use

growth rate’on the wafer. Thé GaN depaosition process proceeds throug

in fhis FNSHBTNOEAE BIE TSR eflBP HebeRideRa G oiesHDofthiResefeatures
havBileall dQehiprinedas Rern rampyecaciaiyan *ARbesbalamiRineand

is therefore desired to operate from the monomer form of GaC13. A

enBrarsIrsate tsRnicHAISTOR tHERRE G fRtioviRsedepqaption is directed mainly to

embodiments that adapt existing equipment, reactors and reactor systems can be purpose built
1o inchude the to-be-described features. The invention includes both redesigning and
modifying existing equipment and desigmng and fabricating new equipment. The invention
also includes the resulting equipment.

Generally, preferred reaction chambers have horizontal process-gas flow and are
shaped in an approximately box-like or hemi-sphere like configuration with lesser vertical

dimensions and greater horizontal dimensions, Certain features of horizontal reaction
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dimer through a quartz tube under the reactor chamber situated upstream
of the susceptor region. This quartz tube connects to the reactor chamber
r nnel with an oval cross-section. Energy is proviqgg
&(ﬁrr%éilg@vﬁ?é%in the funnel to decompose the dimer to the 15 mon}cf)}rsr%??ﬁ&ms
preferred embodiment uses IR radiation from IR lamps located and
chatRERS riNiSiHeRAVRY.A0Ah A& HbR sk Eﬂﬁ@%&%@i\émﬁl HOPNIGX Qfatit
IR radie{tion?sln this er;bod#nlﬁelrl?t[l,dthe funnel region is fitted with IR &I Y
Gejh¥af#ieént materials and the radiation power adjusted to bring the IR
absorbent material to a temperature of 600C or more preferably 700C or
3. highernfinvihe dineriookrabRa&h3 isvimjaetertis the quartz injector and
passes 20throurght the hot fungel zone, th(ia_tdim%r?ﬁ/ill.be decomiposecéto ¢
the MbHoMSH B0 e TR BT I TERCHOH ANERBEP R AT P& O e SPn
rangpisgefiton Rngferably sfierredipostaweaeniimeipmdionveant sfdild Gad@diB:d or
n I n y [l intain erature, af .
mnglé%zégf PR A é?%%&?%?&&% %ﬁ%&ﬁﬁ%ﬁ%%re ?EH%) KA 0O rmal

to prevent the re-tormation o erred embodiment Is

magsaseca Siiplaatorivaett thieckinnand ti desvsuticdhesmaliiasies Heamac

pra?¥0€ IR NeRing m&a&ﬁgﬁ%&ﬁai&%tﬁm%r%}ﬁ IRRAKE I400C ARGas IR
preferably above 800C. 7. SUSCEPTOR AND MULTI-WAFER

tranppsent PHOR 18- | THSESTERr amredriusitiity eath iseted Shalkagrdongitudinal
IRmﬂﬁﬁrwﬁﬁﬂ @ﬁagﬂm@{h é\llefs%rmvvimpstbe. agﬁl ;d%&riexd@mﬁ ERMBRMPLiSeaterial,
._graphite coated with silicon carbide or silicon nitride, or 30alternatively, a
Sn g N LY AT PR UL DPETUTABly b ISGERSP R
on a shaft. During GaN deposition, susceptor temperatures T4 can be
4, Wﬁma@ymmmmmkhighnwmmn@m@wmquartz
IR lapips gontr é%gﬁ%ééggwfg Eﬁ%’&@%&%ﬁ&%ﬂ%@k%‘%%‘% B%ad QiBYalEh atso should
forming a dead zone beneath the susceptor, the WO
be oosideno8sPEFA) D200E/O8N g etiker procersamineupiete RIbHkCts, or
bygf&aﬂ%%ig B GHEP bR EEE8FBISIRIRCIGR ISRIRA A0Y 3P RRRCHS tion can be

ecause it can limit or minimize unwanted deposition on the underside of

sigiEFBticiratrtentbrian doraales B sputErteanatin slrmbsr seells generally
byhkeated (siactuomRedikedts THhe:suseoptol carhecaniguies ja:-tald one
ot more suhstrates. 5 8. HEATED EXHAUST Reaction chamber ouytlet
coRSSTAAAE BV I REYRE S BB T Y PSR s
fofmamvthendedatisitichamibervthlisu finctivesenhauastit iGe€ 14 H'sBE toovessts condense at
batem The exhaust t Iso.incl or.
befdo 5%011?%)%3 &t ‘the Prm%}#tﬁr%f}ipds(}/dsugtm%ﬁ gon&n%%%ﬂﬁa%v%%t 140°C;

and associated présstre co system (préssure contro
anplesNresipaigéoreynindr pesbeisten vehtwl exsishnerbry peinitofdrember walls
ar@&&ﬁ@ﬁ!?&gtm%'&ggﬂﬁg AIHG! RaDifeld ﬁé&f&éﬁtiwﬂ&%ﬂia{ 735YEen found to be

control equipment (if used) are advantageously also temperature

suifisiroiiclted immieetaBhs Angh e reaeh srd droproduct espdinsr s sa bt C
wﬂﬁﬁ@i&@"ﬂé&ﬁgm EB/BE%HM&@M@TI%% m@é@afﬂearﬁ@?]ﬁﬁimwa@ﬁla@ttm@@éa&&;amber

ases, 13 and NH3; reaction byproducts which are primarily NH4C1,
wellgn A e ,*mifa%afﬁ%eﬁgf&é%sﬁﬁ@ eaa*&fgffgﬁ%&?ﬁei above

abour appraxinaielydi30 Greferdquired iepralbniqondensdti@reidmber walls.

acC H4C1 condenses inte, a powdery material. below about
A s R o R PRI oMl by e
rapsfkept Gboviatisbemprrature sGretier offier hém,nmepr@p@rﬁ@rred cooling
an%%%%eﬂfé@ﬁ%%ﬁfcﬁ%k&%ﬂ‘ﬁﬁﬂ%a@% ﬂaﬂwglfeﬂﬁo&%m&{%}%%&b@% cooling

xceed about approximately 160C. 20Accordingly, outlet manifo

ainiyApeesd teraeeis thratapalynh i atne drriHbiRa sgETRidle reaction chamber.
wap %H?EH{%L@&‘, %&%M?@ﬁ@%ﬁ&ﬁ&@#ﬁﬂ%ﬂﬁ@ T taR%e
used for inlet manifold temperature control (including optional thermal
modeling). Maximum exhaust line temperature T7 is limited by the
maximum allowable temperature for thsoseals, preferably in the range of
about 155 to 160C.
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25 9. WASTE MANAGEMENT Considering next waste abatement
subsystems 5, a preferred abatement system can assist in economical

the invention by recovery of waste gallium com W
Ea%)sétgggéom the reaction chamber. A single embodlmentfllci)lﬁc tyttt%3 0071084845

|nvent|on can exhaust 30 30 kg, or 60 kg, or more during (assuming

adiARPAQEDAIRY PO MRS S U NG A SpARR0f SHSIBIREH LI BIUMR) can be

manufacturing: At current Ga prices, it is economical to recover this waste
progiges ndsepaialied tp RO IHERYS B COHTRPSE ) AL HBWFG B ctively
approximately 90 to 100% Ga efficiency. WO
5. 26@84)@@,&3&@&]{@56@,@%@&4345 Fig. 1 also schematically
iIIus eferred embodiment.of wast tement subsystem that
oroW R AUBCEIE AT I AL oL PRAS ack i oy e rouinely
hmmmhyemmlﬂmmmmbteeptedtmnwefsthea;rm@(ktai?steﬂ; ftdmoventite art, this

eqfoua@t%% ASIgR 8&8@%%% éﬂﬁ%ﬁ'l%lﬁ@Q%}@%B%%de%uﬁgnaéﬂ;&ber

mit con ensatlon o exhaust 5products, e.g., in the range of about 155
amtcgm@hopm&mw@eﬁ%a@%ﬁ%@@wmﬂs CThelbiehagnster

waHBll pXidizesthe-ex naNRLIAREROYR @eﬁﬂi‘%%ﬂ%@d@%ﬁ'%ﬁ@%ﬁﬁ% wafer

combustion zone 45 comprising, e.g., H2/02 combustion. The oxidize
trapsiin et EHREURH ARBRRISSBOGHTBL B At conpture i it EvRstiipte wafer

Uaﬁﬁd#Qh@ﬁt’éBﬂiAﬁdN@ﬁﬁﬁptmm linccRisnereweentiashiviowiturespaat the
to water stream 5 %V trea removes 1?%§bstan aII all wate bient
X SR TAP AR Pﬁ% o"mnt Sb5Tdizea EXhats st"éf’gr T ambien
exﬂ'dmrscmﬁbeﬂtem@mﬁgnmethm fetdasedifhoiintiie Bystdrerbden the Thester
ch VS SIS % Loy 'é omaGnScP |Ub § Qr%ggiggéﬁ%gt %t% vﬁ%?%@?fé% on the
separator 59 where par Iaté) components prlmar y particulate gaﬁllum
sugrides (Rugh Ga08) alsrensesaiaestostrfrohilihecopmeindolighle oxygen, moisture or

ottRETRRR ceﬁmaﬂlxaemhfﬁémt%ﬁ&éﬁgmet%otﬁﬁ%emﬁ%@a Bewafers.

obtained by known techniques, such as screening, filtering, centrifugation,.

It i GuEiFREO A Wi SOHBRR ST e B SLARIEPRCARIA FRORSRIHpIRquCtive fime by

allBRaHE Gerlkg oPhbPWerd QlthaRt BaRsmeQioR@dtichibaien Ga203 during each
month of operation. The particulate gallium oxides gallates are collected

the Ga is advantageously recovered and recycled into, e.g., GaC13
g} gptechnlques see, e.g., Barman, 2003, Gallium
Trlcmwcdes 26 B¥NLETDI2008, inkt tEngoRUADR44d difteeonatbassolubleto outlet

: t
R B e AR SRR AR e
fotbwﬁ@e@epaﬁ%gtmeﬁpamhefm\ibmmwm%ag et SBogaiieigilgontaining gas,
e. éjeéﬁﬁ'i%?grﬂttﬂélﬁnif s, emhadinsnis based 0 r@?@r&ﬂ%ﬁ?&%@:@%mn chamber

tation of an EPSILON(r) series, single-wafer epitaxial reactor from
’fhrpmg

RS IEAIIE. ARsoraMMh RS ARTETeh UNIEwRG FasHORechaRb epRRSfise such
mtﬂﬂ@ isapreferied e ﬁttealatamma inenfiiavevernifless dabuEs aie Mg

iti g E%’Ether rtlcul bodlmeéttﬁg n be.based on modification and
“ng ti d’f‘t %f? 5(} %‘b‘tt’é A Y ESRIBIE%8nd are within the scope of
the iMkentiofcr30pigse Zﬁa@ thusiedin aspdtls O Gaid Brefelistdyyasystanh so that the
as %%énacilllillgfl n&rggﬁ%\é%%%xg ?’ﬂ space and time over the susceptor. It has been found that the
III/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

NH; velocity profiles should provide that both gases both spread laterally across the width of

21



10

15

20

25

30

which can hold 50 to 75 kg of GaC13 and can maintain it at as a liquid at a
controlled temperature of up to about approximately 130 to 150C, and
E’(R)'é? 2 mbly with supply lines, valves and controls 105,%/@;11' 59)@%45
“gycontrﬂol ed mass flow of GaC13 to the reactor chamber while ﬁn%t%g or
preventing GaC13 condensation within thc lines. The reservoir WO

the%QMQ@&%ﬁ%%/%%gM%%amwQl%'éém@f%lmg%@ém% eANGIRCLient
ul

evaporation of the liquid GaCl3. In a preferred embodiment, these include
floy thabiiapupisnAstoss SaeRKEii PR EeaTHoR HifmRgtive bRt fgast across the
diathesegancipgdugigomeans for physical agitation of the GaC13 liquid, for

spraﬁj_ln the Li uid,for1 ltrasonic dispe stal of the liquid,.and so forth. vl

OptblRATY; e S SR HAEOD P SRSy ey b S SiBIS ST R gilusty low

flohaving ahdnrnerclineconvéinpiiressasies gas adnibiE rotipai| aoregairssiy high
and. an enclosing. coaxial li roviding.an inside th voi

co R A R SRS RIOU O 2 PO R SRR, IR b avoiced
heafingfamedpmress gai§orCsinciivae dnpeshisiae artpdgaameiitbe mlet

maHRBYEEY SYste gt LaLincabineh LRmibichis RegitioredcadiroaRtiOnanifold" refers

conventional process gas control cabinet 137. To limit the 10length of the

to IS UIRs A RENE RERRRYS POS fEINSAtSI BN SREHR FraB RREYRSHERD hese
str@é}ﬁf&bﬁ’éb Nﬁh'bﬁl?l M%@Mﬂ%ﬂoﬁmﬁﬂ@ﬂﬂbj&7ﬁa@@(ﬂﬁﬁc§| i3 f@ﬁiﬁ&i units.
cabipet 137 | es, for ex e, gas contro 139 and separate
portOHE A SR TS B IGUARE S aiegures have
bedarfoupd Homﬁtmlvquafm&cbpmmgl& frog:s2 Blidrstratdsrpnete qmdmlimpiys, it is
aafRSIBY DRI TONE et YA 0L A0H AR ARG 0H RS S Bitbased inte
CONGUCL carrier gas Into reservoir 103, then t roug the internaf bubbler i
matmiéotéﬁmimimeéwdnh@ieéuﬁmrﬂm%db@@mqm@mmapwh@gw known in the
artCRE prdpBRG JEH caR RS T0G LasCRIPEfgrdnalntenanse antkaQ iQriiormity
Valve 110 facilitates the purging of the system above the outlet and inlet
PrigafaastBr kRO EeRiaer system. In particular, since condensation can
po;%,%%@e&ﬂ%@a—&ak@%g&nﬁrﬂa% %rll‘élcjegs Y@@kl (his theeBabiton chamber
order 20to purge these areas. Control of the container pressure in :
be QLR ACORA Smaeeam%ﬂfeﬁ&sﬁ?ﬁﬁ%m PG B er R RB g Pulile ges
inlsd A thetaoteioyaslfacilitates whith ved detenmiration dfspieoetsardtaly across
rate. The addition of valve 110 allows the.complete delivery system to be
P S e B R S SR g ea o
assstinoingatingobefeabl thudspstditl:tgrsc e trosietianigroiomienbagekired reaction

IoGRBRGHUEO N RIaMIRg ?ﬁ%f@%&éﬁ?&%ﬂo@@eﬁﬁ&%ﬂﬂ @'é@i'&%%qlﬁﬁhe

valves 111 - 121 for controlling various aspects of flow through the sup

) ) y
inlghperts BisadeRiaReepréastireacBiatroenants trabistnicet 129 fssmmwigea\leawd
sukQDEIALS BIESELY e VR thataabd» eoplainaladisadueyied isiamass flowinlet

controller 131 to provide a precise flow of carrier gas Eﬁ}the GaCl3 . . . .
POESSERRECOPHESY 521 RS SPBYIESRIE SRR SIS LD AR OGS PriBRrofcinity-
GaCdRxinihieseatsion enambaion plspcdiisghiudesdqrepsayatiegutaiariguration
25 127 e. supply line.assembly, including the supply lines, valves
o e B B R S A PR PR s
floslanmspieliiferon o enigiosengdohaemplerfom. Tk afmsimaentbiceksmiigog with the

BateMpeateR/NSOS 1AL GPRIAS YRRLY AP COMRPDE niformity of

Pem eratures so that the temperature increases (or at least does WO °
COpPOSITBUHSBREITIY TP OTFOB 48RS HOR PBARASEE) REWrIFEBUlcs fide. in

i BS@MOMURHG LR TBIRt QLIRENBREHAR chRMBE-A-HES IRRIRE IS RHONIHBR N inlets,
_ 1o heat the inlet gas to the GaC13 source, preferably to a temperature, of
it by baen fopme advantageous to provide a purge gas flow entering into the reaction chamber

somewhat upstream of GaCls, and NH, flows to confine the process gases above the intended
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Optionally, a purifier capable of removing moisture from the carrier gas
down to no Smore than 5 parts per billion is placed in a carrier gas inlet
line, and further a carrier gas filter is downstream of the carrj g%s
wﬁ%%l éﬂ?ﬁﬁéé carrier gas can be optionally configured with sirﬁ;m aP07/{}84845
bends, e.g., pigtail 112, for providing increased heat exchange surface
eI RN AR E B SRR HAS AERBTs S8R AR UMAKAIR SARMISWSOTFor
a preferred embodiment of the reaction 10 chamber 201. This reaction
thepeRVARRSE hAlS fedieR A aied TE Ghise Aar alsa pEQ WY ofcardppetbtpterally near
ther%céﬁﬁgy%i@%su%@&eaw&aha&ﬁm}gr Wiﬂlhtﬁﬁﬂﬂ%&@&{f@ﬁé@ﬁﬁl&&gmber
of quartz ridges 203 span transversely across the chamber walls an
SupPOTDLREEITENE BUBEBRIP IR IO HEMBRPIS GRS e TR of e
proths paadien ehambamisciiciosed sbashibddrihabplrettn cenbagratliorated. For
ordEr th@tt e chamber walls cPan he cgntrolled to a tem&erature .

, i i fi
XA IS 0T, P oSN SRLP B T L B Vs OTFatS Ry indjvigual flow

corsrsLitdase dikebamanviziah entodvacedente asipesidl Hevit ¢6 aciheisenfigures preferred

miDERRITEINE) [SACHORCNADEL infiSIRlE BRIGR'G IRGIQNARESIHT Sl Ale
the top 207 of the shroud. Susceptor 215 (not visible in this drawing) is

relgbsitived within the reactor. The susceptor is heated by quartz lamps

whigh,areaaneesk inpdue-arayseinaalipllannend RaHAIBRBI APhercby,
209 is visible in the top of the shroud; a 20lower array is hidden below the

inlgh mantie dHemRsE WS rebPa et Rt REFE SRS Bfcondensgiogo
prafustiaieses Erdiiudina pressseatiagethraghepatticulasprefersedisbaetipnzasket
hamber 301 but omitting for.strengthening ribs 203., lllustrated here are
e S G e S
tha® &i&ffﬂg‘lﬁ&gerﬁﬁﬁzswlsrﬁaehbdén gro(6fithesweplstior civhvibamic fvebilyletcreased
fromaniiald w@&aﬁ%ofa;u%%élﬁ%%ﬁré%%a?a%;%@.uﬁ%%ﬁs@%@; thitable

reaction chamber td the outlet manifold structures. Port 315 provideés for
chleritry-tsBistornie sa i g auBeridarfethgassk g der ppmbRainermaterials, availablc
fmﬂi&ViH%?ef&ﬁ&’fﬂaﬁff‘é?ﬂ]%‘gﬁﬁﬂéﬁﬁ-fgfh%ﬁﬁ%%tﬁ{alﬁﬁﬁﬂ@%{%%ﬁﬁﬁi%ﬁ%n

in semi-circular opening 319 so that its top surface is coplanar with the top
chygphtiaReEEhIISIET TR A KR SBBSE A ARG S RIGIPPSL PRI S BeREE ¢
CHRMOcess #ASes anterrgdiondheiidiaioanie d.siucib teshee tthaidheses, if
) ‘%‘scan ass across 30 thﬁ: to %‘ch uspegtg without bec,omin%nit anb
VB B e o i Mg e R L e TS EB O MR BT G S T cam be
rai8&ll provides for a susceptor support shaft on which the susceptor can

rotate. Adyvanta sly, carr 11} t ' :

g L SR 1 s e R e
rangpsebgtonttieppreviarntels dd T snEVihbyeithot supplane S fodatgiigl Bappsature
frRRUICHIAT, RUildhyPiRl GRS Hadek theh aated SUSCRRIQRimFTIeR. vERehot

inlet manifold structures provide process gases through both port 315 and
sugfipiRe ORSSY b aabedEas pBHA SR IR (TRt RS2 S HAE and
chixheIORLRASHPtR-flatiensed g BabowhighalionsBases ¢0 SIFeRU60°C can be

ransyersely (fransverse to process gas flow i ction.chamber); this
s B D Y R TR Gy B e o Hiis can
betraas var selyr arnapegetdrs| etnigesh@ie<XTid chakitls peéfrenberto Higuréxitheay to the

furmel is compactly filled i .silicon carbi A il] :
S B B R LA R i atng
rirg®. 32afoe baman pfrEACER fro AhdsrmpPs2B fricctnénreisstiontesrambapdeing using
so%%%ééﬁﬁe% pRd-and theireflector optics are located on each side of

the funnel. A quartz sheath 603 containing a thermocouple 605 is inserted

througH th@lntsles Sreibes darbs (e ST} oF XBRI RARSHtIIfa BT o8t
misnpel height in fagideis ofrihe i Rerds.in AkdeKineNaPls fdose loop

control of the spot lamp power to maintain the SiC beads at a temperature

of about 800C. Preferably, 15GaC13 is introduced through port 329 and

NH3 is introduced through port 315. AI? rnatively,
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GaC13 can be introduced thmugh port 315 and NH3 can be introduced
through port 329. Alternatively, an RF field may be created as known in

vJﬂ(;@%&&iower portion of tube 323 so that the NH3 can be@ﬁ#ﬁfﬁﬁﬂ/@ﬁ&ts
t

e creation of ions or radicals. Alternatively, some or all of the NH3 can
be replaced by N2 which will be similarly activated by the RE field. A SiC

ThEPREENHIRNRIRIE. 23R ISfishaaed beiuegnadherahihA0ih&2R a0g)ievedea irmed
of the susceptor. This SiC extension plate is heated by the main heatin% at

thafzghHOTE exseibamaP theldhnertRrsriscrammerrthohdyophaokHY

7085€ Sl Ro%589 ardithe ﬁ%ﬁ%&g&&%ﬁﬂ%@%@ RbHensIC
extension plate should be above 700C and preferably above 800C. Fig. 4

iilusthads darIgBManyeit alkeydIBRUSh S paridlisdnisromayt kept at temperatures

at SEBOHANHeNSTal.2R ChaBhias RS eBIVMePRHIN SO0 WAL I @ASIEr with the hot
chamber 401 assembly mated to reaction chamber assembly 403.

SusSepiRR RIS Wi RIH MR A9EE e AQ8R TR 4 das veloifpod e gas above
th QEJLfIRA ip IRigfiabhe with the savwiehIsfaleaGadYRAbREE. toXRoMRiatked might be

transfer chgr,nber 401 house:s a rohot arm, B rn@%\lj} andi.and other d
toq A HLO AT PSR IS R H g B st RRYBIRETRSSE fgceeds
threygtedn itevipRoieat g chadnbefuaher iletorilpe sisaatiorG30thaitberx Backil al!

to the outside. Transfer chambers, of other desi n. be used in this
chif s P SHAAR S B SLaR Bt B BEMIEE LS g pperare
fromobmtechwrithidcshrofiG406. Alpstfened ¢rebedirecpbofiosinfddivonmadices the

dzrg%gggg%%% gggt%ﬁ&g B%r%ﬁéqg&tgma}ﬁ@r situated upstream of the susceptor

2007/084845 shroud serves to conduct cooling air

regiger This fsattdebeanmses to harstsiarhonboBriahiadmperyiten oval cross-

se&BHamERACORGhams LiRtusiv ehilaneRl aafinseRdagmibesk dimer to the
including: bottom wall 305, side wall 307, ﬂan%%g?%rfo outlet manifold

MR 1 SR SRS MEN Wt Rk B AHIPL appaRered in
sueng wpiionetipujgagaskiang Theduseapior iR @saiATR cidiuianopening

19.in rounded plate 409 which, provi lateral stability, to the susceptor

e B P e A RS A B B poveer
adAR@dEherplanasiti ebstbdsatcompahenisenseresra oot gambéiovpifebmbly

t as.inlet to the susceptor. tlet manifold structures include plenum
T R o S EFIREE SRS o SR B et ot s
thraahbatechdifaationsandhatbmxhaiisbdidecddPpothbioditetmoramnifoldndrig injected in
n{ SU08H0320,00 118 (8351100 STATIGSEANS AL IRAPRELAIER flbedh tne

gasket or O-ring enotl ustrated) made from temperature and chlorine
inj@sistartirnafahiafsaCl: intdeharanitoratritstarescpuer thisearraingdigichtemperature

ab§g§%'8é?%f ‘?oigrélé%?ﬁ%"%’%%%%ﬁ% Bt Plenum 2L ARR6HRAS 10 use

ow, is sealed to the front flange of the reaction chamber with a gasket

Si6rrdeririy reitbs futedad the jiceopiaoi reisdass Bl ARdeniBg Fanps o
mgﬁﬁﬁﬂamemperature 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 quartz IR lamps controlied by known

temperature control circuitry. To avoid forming a dead zone beneath the susceptor, the
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15materials. Gate valve 413 between the transfer chamber and the

reaction chamber rotates clockwise (downward) to open a passage
\?ﬁ% Ry EE two chambers, and counterclockwise (upward) f-%f}ﬁ’%ﬁnﬁ%s 45

seal the passage between the two chambers. The gate valve can

sealed against face plate 415 by means of, e.g., a gasket or 0-ring. The

sus@é fer Eﬁgu'ﬁtﬁlﬁ%fgtﬁ‘?ﬁﬂﬂﬁp%ms'%m SEBE SSAL MANtaNRe ﬁxfﬁ@@é‘@ ifofiso

er 0 rlngs e gate valve preferably 20also prowdes ports

s GRS ISSBH BRI AL OB ARG PR deride of the

hed26@\W@idsiyod eﬁard@edjamiu&ﬁﬁpﬁmm Wcatingaoadhdhe aﬂa:cﬂ@tte Netirectly).
funnel 325, a d slit- gé) %2% 5 |IIustr s detalls of the particular
r

Thﬁ?é‘f@??eﬂrlﬁﬁ% thant Hr Wrdf STF gﬁasnlaer%ent in the reaction

chamber assembly. Structures which have been previously 25identified in
8. HgsTepandi8iane identified in this figure with the same reference numbers.

CongidariBg il %%E{%‘? SUHEPHRAIRG §§?6 fionehambgt ﬁ%%%%’%o"t%ﬁ%ﬁ% flow of

chamber asse 403, including shroud 405 and reaction chamber 3

exhgust ﬂﬂéeﬁe&owmerm@ﬁeﬁmmb@etﬁh&ﬁ@émﬁ drset tradighyaste abatement
sysRHRGePiRE Zinand 3HseeRtol Siahiizing B@%ﬁ@% a8 RdathereasioBontrol
oncC

chamber. Quartz flarge 313 of the reacti eris urged against
SYSFEh (RIF SHTS FORTN & T T 6y eRIEFIGTRBEE 67 RhiRY A%RBA N B fRGHiPrent to
peﬁﬁaﬁﬂ&%tfb&r@ ecaickplerReirsir Uy mwmmwwmgmst@tﬁa@m control

which | | isi in crpss-section on b h sides of port 31
AT R A SR IBAS CroBS e Ao s e s eadesgation of
redetamtipgothrosigR:dlitilik eaper b 82 B fiori GaCkBi¢pr efprably chuipoptidrathyrier gases;

unwéé%é t?%?gsfétlsfg%&(?gilsﬁ% G %@é&ﬂ“@ﬁ‘gﬁo%%cé%ﬁ!ﬂ@% e;%@ %tsltﬁgca

longitudi naI y ut exten ded transv ely so that it op
N@@qﬁﬁbaﬁﬁﬁm@ﬁd@ ofthdaseresd abaNotamesEhers slehambert smanimately 130°C

348 g@um&@m&%@@fi@ RRIQUB ISR RRSeY %B%’Bé&ﬁfé@ fhlaterial

the funnel 325. Insert 327 fits into the upper opening of the funnel and

belaw gy anpmdnsHn b itarrd Ry olarde thand rebepibrritm ahould be kept

abieRsimpteIR3 SO CoMerhing, 59 pas hatueeantagosusirptdizanddhss, the
allt like . Eqrt In operatio C13 Hssan%o tlonal carrier aseé?) oves

oufjel el %W? gu S tra: éﬂ?xr?r’f‘t‘ﬁe nd is
dlre%edothgezsdxtaﬂhtcrthefmmmpﬁm b?érlaptkfﬂ\alamahmained in the range of
10susce tor S

ab&litsaﬁ?ro ah::[ ‘iﬁ‘%bax 1 Hl%n 688‘&10116 WI %f?tﬁ I Hﬁ%@&{sed for

a laminar 1low su stan a OI across t e reaction

inlehatid temwmmgﬁdmhtémnm@me&%anﬁgmﬁ@u@a pYgREm oxhaust

lin@%%ﬂﬁwss’. neikde Q#ﬁﬂg R SEUGH IS4 dy f@%@%@u@é—ﬁw%ﬁpsgﬁge preferably
valve 413. NH3 ( k{)referab but optionally. GaC13 instead) vapor is

in the segeed Yt 5p1%ﬁéprt%tructure through supply line 517 and
15passes downward towards the reaction chamber through the number of

9, Wariical tubesceif:Nyl-13 vapor then exits the vertical tubes, or optionally
thrm@h distributed ports in which ea h vertic tube I|n

e R B e AR TSI T S 07 A SIS PR R con
asmamrenmasdaiwgedmmeoﬁmmnmémnwmmﬂ%amwﬂmwmms
exﬁgugt% %tlbe gghﬁ crﬁfﬁ%gp @ﬁ%@egn@(?&rﬁg{ﬁ’ e Pbgfﬂﬁ_t}ﬁ/ﬁcm %%%Hﬁust 30

IS control?ed separate valve ntechanism are
kgenteih agycam@abtqul@ssnnerm enpiieranseely 50% waste) during a month of

sustained, high volume manufacturing. At current Ga prices, it is economical to recover this
waste Ga and recyele it into GaCl; precursor, thereby achieving effectively approximately 90
to 100% Ga efficiency.
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includes tubes for conducting temperature-control fluids, e.g., GALDENTM

fluid having temperatures controlled so that the plenum structures through
wihistk b Passes are maintained within the above-describggrusze07/084845

temperature ranges and so that plenum structure adjacent to 0-ring 503

are maintained within the operational range for the sealing materials

25uggd in?]lkteseheﬂgﬁé\%m ﬂl@ﬁirzg&@ 9{;%&@5@@1 mabedhéar M@@sﬁé%éﬁalﬂi&gt

same as that me) tione )ove for other 0-rings. Temperature control tube
S e T S B e 21D DTS EHE Lot ppanes trorh
coradj_a@&rltyt@v@ﬂib@ 5ﬂ$1umst_yﬂi_mﬂyeammmhj isdubestineshtonbool fhemsses
throa RS2 i0gt L .%ff‘fe'“se"r"a{mr'@ é%%ﬁ@%?‘i‘%‘t%al%%%-c%ﬁgn‘s’%'i\’)?ﬁ 443 haust

a an?ageousisy incllides a number oFgas inlet ports 515 as well as
pr@0stsnving o tisotangdiof secwtic mblidn sfezrehianisepsvittizoperdthemito
buﬁlas%qt%?r%@lﬁﬁfmgﬂ%%&%@%ﬁefeﬁ%@?%?&@@ﬁﬂpﬁ. asipehuranthe

transfer chamber and the reaction chamber through port 315. Itis_
teTRGELF AR BOMBAHIOB QTSSO AT WREC K- & id sl dncamabystienp ane 1iggd cxhaust

strOnfinBcaQhs 18 RERfpEred RMbostinenisegag dnloh perte RibbR @i SBOWRere it moves
inject WO 2008/064083PCT/US2007/084845 purge gases, e.g N2. Their

in & CRNTISE LB SR PHORIEATh EF RSB RSP IRG el BEHRG ALSPH AR

subkpiveidandlreactioplcbrmbephaidispaisepatdhs fentrakpoitiond efithest strcam.

ToRIEMANEBIC SRR SIARED (A8 deSoned o Mbrove he unform
Ih”composition Arid velocﬁly of the process gases as they flow across the
suscEiptovatadtbuild wiihuigegjablcandrdiongtthotide!s nesiis &f shiparator 59

whED 9%35%9E%\agr&ﬁﬁ%ﬁrgmy'ggmﬂmﬂpgmﬁﬁr&sa@ e@.g.,saﬁgégt%go
avo a |

undesired deposition of GaN in this location. Generally, for
sepspedifibironiiggtraImiEnnaRBPeayals prEnrdy Asioind Ml gond HCL

SePhYABH SSORONRERISIIBAERNIALIE RIRERSS B8 {lwibaihls subaianNtalitifugation,
aminar (thus non-turbulenti and that is sr#)stanUally, uniform in veloa%{
flogfilatitheodiR R ihe SHPSE TR T HNiARS INErHARGAR RISRFSRSHIE oF up ©

120xtebeldeRgibidinalyiue Gabhdhvertheisuraapior arehtiansVasseltiackasgallium
the reaction chamber (or at,least acrpss the surface of the susceptor)..

o HEHLB BrOPLs Gg OE R ML SRATRBLY P RS e o 2.

Ga@ldejtiranvch chempoditiothmigress the clzaBbando, 20(Basiadljspofnebleride,

SRR Te5a0R 6,81 104, COmPOBITIoRHIAY Jéxm@w fRrIY 0L Wm
S ratio (i.e., GaC 3/1l]\|5E0%3 rgggél.@rhis IS ach%gved by: first, 15debsiger?li;ng the e
Sygiritess gas inlet ports to provide an already approximately uniform flow of

process gases through the reaction chamber; and second, by designing

selective injactRprehRaN ©{:3EEE AR £AEED L APpEamAlehayiform flow

to become increasingly uniform. Control of flow downstream from the

Suso T RIBBE M RERFRIFERS %%%%ﬁ&%&%ﬁ@%&%"ﬁ%%‘ﬁéﬁéﬁﬁ%?m
geAbitiB; PREIALLIr eaterBdembodiment2bhad detaeminddicapoalfesdediaptation of

, s inlet port configuration so that a.substaptially unifojiii flow is_..
oS CBINEE or FAr Bt ahe AN et i Atcrainety
magcof dinddiothmséiected Gafaepositiby peiditiczdvdlrateshedaded. fdtowever,

th_% é%gﬁ%éa%%mqu -tHrRY -sﬁwaﬂeﬁi&%’cﬁﬂtﬁmg@éfﬂﬁ%@ﬁcmm

ow guidelines, insert 327 and slit 329 have been designed so the

anghadilieti o aCAB HeNeib e fedalimacrampd AR St AkrisaRpe Afdisinvention.

acCrosSgs. 2A-C illustrate aspects of GaCls delivery system 101lincluding reservoir 103,
which can hold 50 to 75 kg of GaCls 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
lines, 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
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25the reaction chamber. Also, modeling of intended GacCli flows has
indicated that after the NH3 vapor emerges around lip 511 into the

\\158%385]6? mber, this flow also becomes substantially unif(;pm&ezﬂ%{;rate B@fs 15

reaction c mber Further, valves 509 can be controlled to
non-uniformities that may arise during operation. Further, guided by

indHBEREGh I AREHD G EHANERLCEPURRGAD IR iRYRERN ALGRRALe

increase the uniformity of the primary-process gases flows. For example,

emppiiestrthirinphiste ABEPBIRDUIRREHE 3t KA Helie aHa it EHSEb of
crriDUHEe GasS escibaMahctrie talus fbl gHyMOesi iR roYEMenhO) H@Y@rﬁiﬂ@)m}ring

ccumulation of hig conc nr tions .qf GaCli or@etwe the face o
o e TN PR (N RS SATR T AL Ak By ine (or
deW@yZﬁ&SﬁﬁGi&ﬁS&P@ﬂuBﬁﬁﬁWD&i%aﬁlmeﬁ llmscbeeeyfmg:m thatier gas and the
Gréﬁraigﬂ 9%1‘}%%‘“ provide greater ¢a r'ergﬂgél{lowgéégﬁu 003 21108 he
er ancf esserpurge gas center aI38 Improves
englnifioenting bitcomplesionardivelodisoniBisarthesustspior Serlibemadivm.

malr[’{%r@dhﬁlgﬁg@\é% GASARAVEING SUHRACS PEICRISARBICT0% in cabinet 135

EXAMPLE The invention is now compared to a standard or conventional

Whiph PSRN RAIRGEN AP MEAHOBAL RERSS S8 HR LFRITSR SabHNBE hiitd thignit the
ie@&ﬂ @f%@ttmg@@p gpma,l@uﬂﬁéﬂgw af ek liblhd mg&@éhﬁ' 18GEOrdHRAIR

inve t| rlort rth t omparlson and by

NS O AH ST PPk e PEOAPAY 388 ETTLE HAUBALLY fctudes, for
exﬁﬁipk:agispafﬁtml pﬂu@dﬂ@mﬂm&@hﬁ%l@&r&gmﬁeﬁmoomm ofldithetaivathdedsezases or

i u&agu%éjsuag%o k%ate gartonhe Gét())up [l precursor is formed
TSt e reac owm% HeTovera Boat holding the Group IlI

metdlign éﬂlqmdmlpfﬁfm‘r@irewv precobsol (9 supptiedfrom Exteenal7 and 109
contyB s fnl Brdigh HIERIYE linder-&onus nﬁ%ﬂ@%ﬁﬁﬁﬂ%ﬂﬁt@ﬁ%ﬂbubb lerin

used for trémgrowth of 15arsenide, phosphide and nitridé semiconductors.

thaSpEFe Grav e @éﬂofﬁ@GWH%TM%&%WH@&HV%Mﬁéﬁ%am@y can
isdlkta R Paak-withwAishHhen M Ghaeads . FOHIVGAG Haand dRaHe {MBING of the

source is usuaug/ ammonia gas. In more, detail, the quartz tube can be

Sy SRR B e ST R S ORGP AHG S RGPkl QR FHRAL s TBCRally

conllensasistivg pyeidviitboaiidaashéwipten piatute Zonas2pneven 10 is useful in order
20maintaining th pdll me Iat atem erature above its

B S ETor RS R e oL Sp i AT Rl

tengrengarataf ehfopubbitanded @m\ﬂuw irah@dﬁmcpamqmgaaf@uhwgseqmv@wt
de@%ﬂ&%%@o eBPéc(REJF%QV GrRuR-Hl matal. e SHPSYaleMRlS rttbeoégﬁ{pl@{%%hvery

gas inlets are placed and arranged in one end of the quartz furnace tube;
SYBHETOBY BIHE ST bR ORIt AR HEBEHOYY L BRS du et WAkl mide. thereby

re@RHRBERI(RE 8t 1easLadhak whichicotara thafenaceciiied rams Beproving

fabricated of quartz; stainless steel cannot be used. Most reactors process
OB RS ot i avEhlnAledpHacs prbestld L mitdoer senpd mpseres

asBEANGRALIN ANRABIESAFHBE llh&sufﬁwmmﬁ&m&a&ﬂﬁﬁlﬁimm hmesduc er
2%f the gas flow in 1:ordter to achlevetkml r&gd osition. afers d a
y(?l pfacmgo?ﬁ%an dh A slbstrate suf)lport an(TiCL thén ‘3 gi’t‘l%nclné%(fﬁ(‘i1 g5 HoW
costrodiraié istopporidntoacaighflempecatuce gore thetﬁia@}kiiaammmmnac'émﬁbact to

er?ch Sc8h$rolled and calibrated mass flow of GaCl3 into the reaction chamber. It also
includes pressure regulators 125 and 127. The supply line assembly, including the supply
lines, valves, and controllers, is enclosed in multiple aluminum heating blocks in clamshell
form to enclose each component. The aluminum blocks also contain temperature sensors that

control supply line component temperatures so that the temperature increases (or at least does
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unloaded by removing the support from the furnace and then lifting the
wafer off the support. The mechanism for positioning the substrate

Wi PRRR s S0k @ push/pull rod, must also be fabricated of quagizHRS6 RYs4s
are also exposed to full growth temperatures. Supported wafers, the
substrate support, and the positioning mechanism must be positioned in

nottA8cHSME oMY MLARBIO6 BB IBEA IS 209 FR8AR4 o ihat reaaion BMRAIVAN A gas

reat care in order to prevent thermal damage, e.g., %ra kin% of the wafers
healF PO AP SRIPOIIA 8%, thE Tt HIHE frol R e B Ok MRty e Of &t

leagin doring wafer loading and unloading. Such conventional HYPE reactors

are not capable of the sustained high volume 5mapufacturing.that is

oo A AT D Ao R R 0 B own tomo
montithivef phregasohili@ne pbasdinis thaithgascabivheofatddiirthentiourricr gas filter
is JSFHIEC eSS MBPQANGYE NEAHRO 49d GRANPG NS, NG LARVERERNAY with

HVPE reactors because thel%/ can have considerably lower thermal

singsaida dendineaenieisis IGRiHR Rosisting nsrnppikhsaserhrgige surface proximate to

the(ShbRiraig/Maisr support) needs to be heated, and it is heated by
rapidly-acting IR lamps. 10Heating and cooling can thus be rapid. .
Howesr 3 fih B ISR HOP B T8 it ST R TEIRAS IR LS TBE AASH e
chrolaged Teatisg-and fespesialy caclinglined, ivpdesavasialfaitensmafiongated
hours. During such proJonged heating and cooling times, this, system is .
o e T R T QAT Sy A AR dhtpridees
20 kspmushbedelpyecsiiitltbambee pdspite sigheoftblhorabialcadpradie, when the

| ) ‘ . .
ch%ilxeﬂé%rg% %’%#gé@é%{%%ﬁ%%tg}fgéE;g%\r/%%%}ﬁ%dﬁgﬂﬂbép % %%%gd%djlg QS%T'& Wat directs

urther heating and cooling delays.

coploranise eedesdhy tisckyshomyallicen dhennstetladisoinvennertansabrnyally
o9 e AUGRRUISIRAR CanE O W H QAL PR SYSIBMR AN RSLTEIRAN that

limiting the throughput of conventional HVPE systems is that such
car herBRFESL Gt Brarie MBIFm it S VRS IRASHRTY RIS thestBle BT BF the
lofBis iuaTiBndABeeUR alt inteHiaheoNReBROIS 0F Casvasia il tiy Blawing) is
reactoﬁis are h%ated E) t externatl resistive %Lérnace Ill-V material can 4
POSHRN TSRS HHe Psidd o s ReA At dISAr b oV B '8HTR & BB rataranee
intevheoeaitdgsdegined leBlacipsintippirethite posits2iius tiie Hreoubatiypoé drediroud: a
ol 9405 RGN R Bl HDRY GRIL G ButARd IR ERMYIGR CONAINA Asible

wafers: eaning requires time during which the reactor Is not productive.

25A15tg. thie iusizgicn [adpaeifpsbrabarasristeinly tisahmagiqelaapelsired smction
chideolatesionaf g ieacio b maliiacinnis depasiedian the SUPSiBIe, wall 303,

wafer as desired; and little or none appears in the reactor exhaust where it
boHREhE RIS RAP MK et guattiesdr ot V Pre Q1S flengsd idetirlicihgyniet end of
thdEQdtian HRNARSS0AB FeaCkwithounisRuRS laid fREN-CHAHE88Y8@is the outlet

NH4C1PE that can deposit on cold are g wn stream of tI} eactign zone.
ond GEATEATARAE GBBBLTE IS 05148 B QLRI o (& rdadiBp s o ey of
preontasiathe ¢caaeiorssed, thid sovertiomnbigwet tehpecatdce foonkiokhéduvabls gases.
Th%osars]géptor 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 turbulent 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 injected through this tube to purge the volume
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little or no undesired growth of Group 111-V material occurs, Reactors of
this invention can be more productive since unproductive cleaning and
“;Ball either can be shorter, or need WO PCT/US2007/084845
2008/064083PCT/US2007/084845 not be as frequent, or both. For these
reasons also, the systems and methods of this invention can achieve

undighertiepeh Ryt dhak cRicRRKe MiRRah VB EaYsiemSaccundBMNeh particular,

reason limiting the throughput of conventignal HYPE systems is that their

build p &kt imeshEledisrtulressnieg dildmiefarging (with liquid Ga or
otheTKzraip thmpidljtbeansidembis motesteguantotiandd tietexeanalslit-like

G f this i ti this, i ti ich h d with
PO e B T2ED PSR PGP HED TR0 LS o L T A T e gncd
ﬁnﬂm\V\B_@ﬁ @faima(thmgahattoaprmmiﬁmmﬂnmtkwm&e tamdocosn g@fsiﬂiqm mtthe
reat'ﬁ%ﬁ ’H&éﬁﬁbsetéﬁtﬁtf{]ﬂ%ﬂn&%‘?&g%&s 3 BRRIPID éﬁﬁ’eﬁ% L SR/ SRl InCe

e capacity of the external source is not limited by reactor geometry, it

trapeieisel satfieiend fbvtimaiyltays or 10 weeks of sustained production. For
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e.g., approximately 60 kg, and multiple sources can be operated in
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efficiency values from 60% to over 90% have been reported. Furthermore,

that e Nt earndrafeticaicddurdiesaeating akions B4ditite AR g Huseste or all of
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fragile 30quartz componentsthat are difficult to work with, such reactors
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Ha a quartz boat positioned adjacent to the HC1 inlet, a separate quartz

ideATE A S8 W EEUTEBF [RTERTHINTBE ke f SEPEFEWSHT Higmber 401
hot@UDrbboV ¥ 280SRG1A 0338 G A LBR0 Od084@4@b1lustrated) 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 designs can be used in this
invention.
The reaction chamber assembly includes reaction chamber 301 mounted within shroud

405. Illustrated here are portions of bottom wall 407 and far wall 205 of the shroud. The
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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

wikRnk l@&ﬂ&tations of tested and standardized designs knowﬂé?fu%noms 1845
processing, which have been optimized for efficient operation and i

maintenance and which include commercially-available components. For

shrB¥ATRIR:s o chBariGHan Prafe Ve diRMbeAINALINGH IS AferauR thirolled wall

source zone with a gate valve and Group Il precursor plenum and inlet
tempsR ArifafiAABFREIRR WBMPRA StEICTFRE Bavs drdrdorhdsaiydinpding:
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using the data in Tablés 1, 2, and 3, which compare a conventional HYPE

chagg e i dssTeied s HEHRIbALIDG TSR diARToRr JhibeHseTaRy fold and fange
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length with a corresponding system of this inyention. Considering first
ma§8 8%&@%%&%&%&%#%@?@5@&@%@ Sta of Table 1 demonstrate

that thiethhAMfs{Stamsuotitis thiseatiolis caadbe:cansite]inly srdreidfficianiied box
S N e T i e e Tl
gagkpitexfAirgroet difisikatsieer Rwdtkomadorfraticenihaitdianm etdpReactortant
melge&agm%gg]mwam%a& ARNGaIRAG B AT LR PR IS IRRROU Yrates
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
previously described, mmcludes communicating quartz tube 323, flattened funnel 325, and slit-
like port 329.

Fig. 5 illustrates details of the particular preferred inlet manifold structures and their
arrangement in the reaction chamber assembly. Structures which have been 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 15 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 1s visible in cross-section on both sides of
port 3135.
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Conventional HVPE 15 200 20 40 1 HVM 15 Reactor production times -
wafer load/unload time Pull/push ratecm/min2 Total pull and push

wl %BQ%H,@)O Total pull and push timemin802 Wafer Ioad/ug . 11084845
tﬁnem|n9.52 Total load/unload timemin89.53 Operation mﬂszon /08484

overhead%10%10% Total load/unload time in cont. operationmin52.02.2 -

epitpgalidepimhtime.d ime (e-ere ieRpateRInd0 LAt b sate i eao:,
(prc-(:%é?ezbly, but optionally, NHs 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 shit-like port 329 that 1s angled towards the susceptor with an
extension plate 335 that covers the space between the susceptor and the slit-like port. In
operation, (Ga(Cl; (and optional carrier gases) moves upward in the supply tube, spreads
transversely in the funnel, and is directed by the slit into the reaction chamber and towards the
susceptor. Thereby, GaCl; moves from port 329 towards susceptor 213 in a laminar flow
substantially uniform across the width of the reaction chamber,

Considering now inlet structures leading through port 315, these structures inciude
plenum structure 211, face plate 415, and gate valve 413. NH, (preferably, but optionally,
GaCls instead) vapor 1s mtroduced 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 cach
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 laminar 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™ fiuid 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 503 is visible (a corresponding
tube is also visible below port 315) adjacent to O-ring 503. In typically operation, this tube
serves to cool the O-ring so that it remains within its operational range.

Gate valve 413 advantageously includes a number of gas inlet ports 515 as well as
serving to isolate the reaction and 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
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(um/min) Layer thicknessum300300 Time to heat and coolmin06 Time to
grow layermin9090 Operation overhead%10%10% Total growth

“;Bpﬁ%{)gmagé:% Total Wafer-in-rea}ctor timemin151.0107.8 R3O s2007/084845
utilization (R.U.) R. U. - growth time/wafer-in-reactor time66%98%

Epitaxial growth efficiencies can be represented by the ratio of the actual
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wafers can be rapidly loaded/unloaded at lower temperatures without risk
ProSei iz QEPHaR S RTGEERMARARTS e Rtdaeerfdte pBRIBRIT Bivednicotion of
calBREaLRE Bf dhakk IavatheitialsepsenipeiRidamp healidintRieaginraniseth.
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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 guideiines, insert 327 and siit 329 have been
designed so the modeled GaCls flow into the reaction chamber is substantially uniform across
the reaction chamber. Also, modeling of intended GaCl, flows has indicated that after the
NHs 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 GaCl; vapor

between the face of gate valve 413 and lip 511 (i.e., the regions enclosed by face plate 415).
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and methods of this invention can be rapidly cycled between higher
deposition temperatures and lower temperatures loading/unloading
“;8%@%%5%5‘-5. Therefore, the FIVM systems and methods ofp{his e tieiRas
achieve considerably shorter loading/unloading times than are possible in
conventional HVPE reactors. 200nce loaded and assuming Ga precursor

AlROHERSHSethim S AMMeRLARRLHME SRS prenab GutRdM@a RN anthe edges of
adequate mass flow rate of precursor, actual epitaxjat growth times of .

the SERRIARRSHEIS SRS S P WA RAS POR SRS RSO BRTQYE g formity of
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Rrecursor source used in the HVM systems and methods of this invention
the surface orthe § scgytor )
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TABLE 2 - Reactor utilizations and achievable wafer production rates
Reactor maintenance times and wafer production rates - in-situ reactor

“;6%5@%9 Jigie if runs between in-situ cleaning Conventional fMPE3 VN .«

5 Time to open/close reactor min 26.6 2 Total thickness to be etched Urn
1500 300 Etch rate umJmin 8 8

hot reactor tube with great care in order to prevent thermal damage, e.g., cracking of the
wafers and/or substrate support. Also, the reactor tube itself can be exposed to air during
wafer loading and unloading.

Such conventional HVPE reactors are not capable of the sustained high volume
manufacturing that is possible with the HVM methods and systems of this invention for a
number of reasons. One reason is that the reactors of this invention require less unproductive
heating and cooling time than do conventional HVPE reactors because they can have
considerably lower thermal masses. In the reactors of this invention, only the susceptor
(substrate/wafer support) needs to be heated, and it 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 tirnes, this system is idle, and wafer
production, reactor cleaning, system maintenance, and the like must be delayed. Furthermore,
despite risks of thermal damage, wafers are usually placed in and removed from the reactor
when it is near operating temperatures to avoid further heating and cooling delays. For these
reasons, the systems and methods of this invention can achieve higher throughputs than can
conventional HVPE systems.

Another reason {imiting 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, H1-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 recyceled for reuse. The Group V precursor is
also inefficiently used, and excess can react with unused HCl 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 controlied walls so that
little or no undesired growth of Group I11-V material occurs. Reactors of this invention can be

more productive since unproductive cleaning and maintenance either can be shorter, or need
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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

wWiNGoiRga0-8 41.1 - ex-situ reactor cleaning time PCT/US2007/084845

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 systemns is 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 GaCly). The external source of this
invention delivers a flow of Ga precursor that can be controlled in both rate and composition
at maximum sustained 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
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 hmited 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, ¢.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 HVPE systems.

Another reason limiting the throughput of conventional HVPE systems is that
heretofore their construction is not standardized, and in fact such systems are ofien
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 HCI, a quartz boat positioned adjacent to the HCl iniet, a separate

quartz inlet for the Group V precursor (which must be kept separate from the Group II1
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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 11T source zone with a gate valve and Group
111 precursor plenum and inlet ports partially fabricated from metal. The gate valve requires
only a short time to open and close, and the Group III 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.

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 HVPE system designed to handle one 100
mm diameter substrate and including a reactor tube of about 20 cm in diameter and about 200
cm in length with a corresponding system of this invention.

Considering first achicvable 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.
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TABLE 1 — Epitaxial growth efficiencies

Conventional

Epitaxial growth efficiencies HVPE HvVM
Reactor Information

Wafer diameter c¢m 15 15
Reactor length cm 200

Reactor diameter cm 20

Hot zone length cm 40

# wafers processed simultanecusly 1 1
Reactor production times

- wafer load/unload time

Puli/push rate cm/min 2

Total pull and push length cm 160 0
Total pull and push time min 80 2
Wafer load/unload time min 9.5 2
Total load/unload time min 89.5 3
Operation overhead Yo 10% 10%
Total load/unload time in cont. operation min 52.0 2.2
- epitaxial growth time

Time to grow template min 0 0
Growth rate (ulrlrl;[/ljlf;ifn} 200 (3.3) 200 (3.3)
Layer thickness um 300 300
Time 1o heat and cool min 0 6
Time to grow layer min 90 S0
Operation overhead Y% 10% 10%
Total growth time min 49 106
Total wafer-in-reactor time min 151.0 107.8
Reacior utilization (R.U.)

R. U. - growth time/wafer-in-reactor time % 66% 98%

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

possible with conventional systems.

37



10

15

20

25

30

25% 20% Operation overhead Total ex-situ cleaning time min 959.2
571.2 Reactor utilization (RE.) and wafer production rate R. U. -

vma{&ggjﬁk;gﬁctor time/total use time % 59% 76% R. U. - grongp-itrsietakasss
use time % 39% 75%

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

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

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

For example, even if capable of adequate mass flow for an initial period, it is unlikely
that convention Ga sources can sustain adequate mass flow for extended periods.
Conventional HVPE systems generate Ga precursor in-situ to the reactor by the passing HC]
gas over metallic gallium in a liquid form. Because the efficiency of this process depends
strongly on reactor geometry and process conditions (e.g., from about 60% to over about 90%

depending on Ga temperature), the actual mass flow of Ga precursor (GaCl) will also vary.
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# 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

wid RodARders must be periodically taken out of production fgr-cleaginfsasss

and preventive maintenance. Since the 1-1-VM systems and methods of
this invention can be rapidly cleaned

Further, as the level of the Ga decreases and the Ga source ages, the flux of Ga precursor can
vary even with a constant process conditions (e.g., constant temperature and input HCI flux).
Further, conventional Ga sources (in particular the liquid Ga boat) must be within the reactor,
and their capacities are thus constrained by reactor geometry. The largest boat believed to be
reasonably possible (and not believed to be disclosed in the known in the prior art) in a
conventional HVPE system could hold no more than about approximately 3 to 5 kg and would
be approximately 7x7x20 cm 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 GaCli 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, rclative 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 HVM 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 in
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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5and maintained, they can achieve higher reactor utilizations and wafer
production rates than can conventional 1-1VPE systems. WO
“@9@9&4‘9%3PCT/USZOO7/084845 During operation, mateHals fiMsas4s
on undesired locations in the reactor, e.g., on the reactor walls and on
other internal reactor components, and excessive growth of these
materigigiwpp sausa ARl R As MaREHeMBIRIRAIG G RRTDE Hites
required to remove these undesired materials, and can be performed
eRkectim-gidinttihan¢s tivitlscutldisfissembling the Sreémtorgmivextsitu, a
dizzedyetioblintethe reactor. In-situ cleaning is often peH&®Hed by etching
undesieckdtpodamngitblO. After a number of in-situ etchings or
cleaningswenie dinockaghgex-situ cleaning is advantagedus. HVM 5
systenmspbikisdnnaation require considerghly less in-siuscleaning time
thanaconvesiianal BMRE systems. The reagtors of thisiisywention havesoo
wgdls with controlled lower 10temperatusgs,s@ that little gaterial deposis
thgrgQp,during wafer production. In contrgst, conventiqggakHYPE reactges
opgrate.at higher deposition temperatureg, 50 that the sgge amount of,
mlategi%l lgrg\gi\gghrﬁgsgto&vl?alls and interﬂ%llreactor paris as grows ono'gBe
waters and substrates. Table 2 presents Q/scenario w ﬁ\ assumes ti}
?ﬁramlﬂ?veﬂf f ted GaN cah be allowed {0 deposit on > .
no tgre_q] A ime . Unwan 5 F30%0eP 41.1
reAtiolWaRS SHPERShal reactor parts. 15Fbr conventiohal HYPE
systems, in-situ cleaning is required every 5 runs, during which 1.5 mm of
unfatite e ¢88BIREAMEr run and) will have grown on the rcactor
infaHBY DefvEBntratit Fi$AUEIEL cleaning of the reactors of this invention id®
asopedinnseceyeliysmioadngnly a nomimd amount (elg:3 20% or lesd 8f
thenzerownt thatowill have grown in convemtional HVPE 8fstems) of Gal
wilhlravea kg owetooapthe reactor interior. (Indact, in-situ cléé&ning of 20th&0
Hiiivt systerasof this inyertion could reasetiably be delag@ed to only eviery
15ixiens Jrakhaectare) darsitu cleaning times\af conventional HYPE reactess
areat leasiaTtimes Laqd, wpito 15 times) Ignger than thejip-situ cleaning
timgof, ey reactors of this inventiony, Also, the-dVM systems gf
thig.Javentipn seguire considerably less exssitu cleaning gime than 60
c%g%%¥igggjaﬁ¥1§§céystems. First, these HVM systems, have significapdly
sr@rég .ZSCOOEQ%heating times which musgt precede anzg%ollow,

{mn Pver . . . 20%
gl ey s cleaning. Also, their 59.2 5712
disassée yfc?ean%d?reassembly times are similar to t%e'shorter times

known for Si processing systems, because the HVM systems and

m $3H§_Btflfﬁ’?§‘?ﬁ\§§rﬁ'réﬁ“€o‘?ﬁf}?ise commercially available designs and
cdifi 6’58%?sr%tﬁeady known for Si processing. The designs and .
coponBHE TACEHIBTHRY I S Bfocessig systems miciude: 76%
raicly-&E2Y SoreaelorGites, fully autométed wafer haRdling with 7>
cdsBBfeMRicEassette loading, the ability to perform hot I0ad/unload, 15
sdapitate o kergaragwsianisitu growth raf@ionitoring #id load locks!&yo

prévefirgkposure of the reactor to atmosphere. 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 reactor utilizations and wafer production rates than

can conventional HVPE systems.
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WO 2008/064083PCT/US2007/084845 And, as already discussed, the
Ga precursor sources, i.e., the Ga boat, used in conventional HYPE

wiYSigERs st be periodically recharged in order both to maipgin.coRsiaRks

precursor flow and also because of their limited capacity. This precursor
recharging, which can be performed during cleaning, further lengthens

cleapipehiimirsAlihesacunyaRopaL RSB B HSANHARL HREXIEHAN the

Ga sources of the HVYM systems and methods of this invention can
reagior MU AR MR AU SHER RS ROT RS et BF R5SY Wy figeth of tygse
maSsHRNaLy ciescipsbhaiRepanesitinestaanbtosurtieatizg i bygaifedthafemove these

.U. and a wafer prodyction rate. Thjs second RU, represents the ratio of
g AL b R TR SR oy (S SR Gl e
reaigan therxeiotarfiotulstrecoibbnirnttraictmn dnestl Oltmps ik ofen lpersered by

otcH3RS IRV SYRIS AN mathRps of ARy 8@&%&%‘?&3&%@0&%3&%% more

about 75% or more, while conventional HYPE systems can achieve s
thogorelh S5 HB! F1erBitEdn 2dBlieBEYs: Relative system efficiencies can be

represantesk Rynwaier: PIRCLEIRNAIas. oM AR 1 darivad . dhiding: han

number of wafers produced by the total time required to produce 15these
coRyERERDALTAYE T iiBetd RS AR ORI D IR AYRSY s St cranmmlgd lower

ten@itdaifeSits chaantngsdiRies CPEsts don [nsneeatrtingdiRtbe. In contrast,
ass%mlftli Tabtles 1 ang %} th%se Jates aretdetermined by cjitv{'ﬁiin 15
OB ST Yinie 167 Brodtiaing L Wate S TnCIGdig RoAtNRloSd Hinde e
amipusitor chegmiaetione, dnSioia] eatingntimes mdi rtenancett rsegrawd sotheeraters
[gedimedtean i seclinab g ol imed heg A
anérif]'sgﬁ_%)gts% S(t)f thi?)sézorﬁll\%gt%n%%quﬁ% to |1f§crod’Lu§cl:[§l %%Qv%gé?ﬁ%ﬁs E?j S of

unpeRsid e KEB RS tdp TRl tE ImTRa et et BYdCORTBHItIGRCIY LS.

systegsohMeteiate Ve BYsiems, 3dimeibads ok thisinvenioh achieve:Ale
approximately 2 fold throu?r(gﬁut improvement over the prior art. As

whighcl S ot ghbvranigt POt MSET A eV BRPBARaGHRTPT interior.
In asitasoFamRtianclcasily, Gansideriog: cOmParatibe ¢ eCukeaieffisiRiUesy 5 runs,
}he HVM ﬁystems% %:nd rz&gmod 25%1‘t his invert]té(])n ut'ﬂ e precursars, dional
O PRV SR B Sore) s ST THAN BShvARTENaEGyBen conventiona
H\&9Bteymsmbhis Sadkentipified:zhywtherdétartaciabileSiol ABLiECB mRiiactisaing of
the“ﬁ‘k%%‘%g@?ﬁ&%?{ﬂ%ﬂ?‘%ﬂééﬁ' OBl ARSI A D RISERS SR AN A Runs )
Flow tal ammonia flow time
Therefore, in-situ cleamng 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 times known for Si
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
perform hot load/unioad, separate cooling stages, in-situ growth rate monitoring and ioad

locks to prevent exposure of the reactor to atmosphere.
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Total ammonia for 90 mm. run s Ipm min mole Conventional HYPE 14
132.0 82.5 HVM 10 97.7 43.6 - HO (convention HYPE) Moles of HC1

&@R&%ﬂgsrunmole/mino.om Liters HCI used in runliter51.2},(‘,-19‘§ggm0848“
(convention HYPE) Input V/IlI ratio Moles/min of ammonia during run )

Moles/min of Ga required by ammonia flow Conversion of GaClx to GaN

ACt%@ﬂ%ﬂE‘i@ %tﬁﬁ&@?ﬁé%&%@%ﬂé@] €3 .08 boat, used in

conventional HVPE systems must be periodically recharged in order both to maintain constant
precursor flow and also because of their limited capacity. This precursor recharging, which
can be performed during cleaning, further lengthens cleaning times of these conventional
systems. In contrast, the external Ga sources of the HVM systems and methods of this
invention can operate with little or no mterruption for extended periods of time.

In summary, reactor maintenance times can be summarized by a further R.U. and a
wafer production rate. This second R.U. represents the ratio of the time that a wafer is in the
reactor to the sum of the times that a wafer is in the reactor plus the cleaning/maintenance
times. It can be seen that the HVM system and methods of this invention achieve a R.U. of
about 75% or more, while conventional HVPE systems can achieve such a R.U. of no more
than about 60%.

Relative system efficiencies can be represented by wafer production rates, which can
be derived by dividing a number of wafers produced by the total time required to produce
these wafers. Since a complete cycle of wafer production runs, 1n-situ cleanings, and ex-situ
cleanings, rates comprises 15 runs (according to the assumptions of Tables 1 and 2), these
rates are determined by dividing 15 by the total time for producing 15 wafers (including
load/unload time, in-situ cleaning time, in-situ cleaning time, maintenance time, and source
recharge time). It can be seen that the total time the HVM systems and methods of this
invention require to produce 15 wafers (runs) is considerably shorter than the total time
required by convention HVPE systems. Therefore, the systems and methods of this invention
achieve an approximately 2 fold throughput improvement over the prior art. As discussed
above, a greater throughput improvement is expected during actual operation.

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

conventional HVPE systems. This is exemplified by the data in Table 3.
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moles of Ga/min for run Weight of Ga/min for run Weight of Ga per run -
gallium (HVM) Input V/111 ratio moles of ammonia/min during run
V\FB@&;%BH%B?‘C Ga to meet V/IIl Conversion of GaClx to GaN rpales Gfu7/us4s45
GaC13 dimer/min required to meet V/III Additional moles of GaC13 3imer
Total moles GaC13 dimer for run Atomic weight GaC13 dimer Total
weight of GaCl3 dimer fpA BinePereept albragiiBAigaas that is Ga Weight
of Ga for run Weight of Ga/hour for run Ga utilization21%25% Utilization

ith Ga recycling (est.)27%80% WO 2008/064083E@n¥¢kiead07/08434
ggﬁ%%t‘l’%ﬁlﬁ?ﬁé{termined in Table 3 by, first, consid&tfithat a Ael
comyentipnab i YREesysiem suitable for a 15 cm wafer can be expected to
ussrappedomately 14 slpm (standard Litetsrper minute) @f ammonia. 10
Asstimingbaaidd lisatio of 30 and a 95% senversion ofithe Ga precursor
intaGahhdhe conyemtiopal system can bggxpected to gse approximaiely
1.8 5 gm/min of Ga. A 90 minute run sufficient to grow 300 um of GaN at
200 thersfarepigquires about 151 gm of Ga. Since there is about 31

90 RL G AROQHM fgyer on a 15 cmyywader, the Ga gffigiency of the
nve%?nal HVPE reactor is approximatfalé( 21% (= 314 gl). Since most
0 l’f e rem%lsﬁ%lb%o gm (= 151-31) is de&)gited on the insides of the
reacgor, liftle is thusglﬁﬁailable recycling and reuse. It is expected that
eV R SmYeRHeg Luse of 10Ga exhausted from the reactor, the Ga

BN Bf'the conventional HYPE reactor is no more gfg)?{? approximately

o¥gjes/min of ammonia during run mole/min
Moles/min of Ga required by ammonia flow  mole/min {(.0208
Conversion of GaClx to GaN % 95%
Actual moles/min of Ga used in run mole/min 0.0219
Additional moles of Ga % 10%
moles of Ga/min for run mole/min 0.024
Weight of Ga/min for run gm/min IF(()S ng;m G(?:/ilrn;
Weight of Ga per run gm 1514
- galiium (HVM)
Input VI ratio 30
moles of ammonia/min during run mole/min 0.4464
moles/min of Ga to meet V/III mole/min 0.0149
Conversion of GaClx to GaN % 95%
moles of GaCl3 dimer/min required to meet mole/min 0.0082
V/III
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 gm 287.4
Percent of GaCl3 dimer that is Ga %0 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%
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In contrast, HVM systems and methods can be expected to use a lower
ammonia flow (e.g., 10 slpm) and therefore a lower Ga flow and a lower
“;Btgdog-}@ﬁ;gguired fora 15 cm yvafer .(e.g., 114 gm). Thereforgfc%gj'}é%s{ms
systems and methods of this invention can achieve Ga 15efficiencies of
27% (= 31/114) without recycling and reuse and up to perhaps 80% or
greaten SRy St QMM ERGH I 6, T etSe QfacexBanseddroBhi0Ral HVPE
reactor. Additionally, since little of the remaining 83 gm (= 114-31) is
Syt SuiteRlcontnd riE¥ATER TR he SRGF TN EHST TRRIHTESNEE dppernard
litdiR@éeaciatedshanshmiera kisnvalabiel reaychingnand 662586 clinsersion of the Ga
expected that with recycling and reuse of exhaust Ga, the Ga efficiency of
PRt SO DO ot AT B e st 1
gmgneatei Ga. ATP@mpneferred edibocine atevoBHeumalitioN acXiriatathovefore
rod QMY 1%:508PE.0T SRR AMKERONSIR ST 1h 3P SIAACATPIR BUE: on o 15 cm

ustrations of Several preferred aspects of the invention. Any equivalent

wagherifraentsignesmiethid saoepeonsiiity ierseoipe s mveipa ] fhdedd/ 1 5.

SinRrRys sredificatiansof ihgdnrenton inaddiinnde sheseiahavinaid reactor, Hittle
described 25herein, such as alternate useful combinations of the elements

is tus pmed bl e ing Adgarnt thitsRecadi DAt ifv e AR o iRE and rouse of

GaSHihsasue Rodese irlian:, Suctmetiisayaisiarcoalksaiiven dedrp falbwithifno more

h the s\(,:é)l]{)e of thgsg,ppended claims. In the following (and in the application

thag apprORIRacheziitigs and legends are used for clarity and convenience
onlylAconmbe Hofvefesencemd e atiteds hardia chipecteitine whselmsvresiohonia flow
whi re,30 j ed hergip i i entj f e for al

o AR L e R S A STl (8 ARG R TS om water

(e-ghardcgarizdderobore, teeddivterbtamp riot mathodpofiive micmigtnisersitbjsee Ga

erRRNELC TR fetein; 47 WGl AMBINNAIS SAIMEAIS 10 de S HIRY dPreater

epitaxial deposition of a monocrystalline Group 11l - V semiconductor .
GasEfieitarWhiBH oS reutainlgs gaastrd Gron A rpreetrsyldidogplly. since
Jittie BELRREMMHNIANG LU I-CTouR IV i IReRaNbASHaRANRE iFaBa0LdMA most of this

reaction chamber under conditions sufficient to. qvidet e sem'condu%tor
SRR B AT B 7 RS RGN R B AP LS BB By
exfizeted dctiontbhambing aal temperbtievst e tseSGifedi@ityct @igls HVaMaightems

introdu i_nDQf ndesirable precurs KoM oungs into the reaction chamber
S 15 Y CHLH0N Ca];lt Calhl 8Uve (+ 1.

an < 1% .
On?aCI?I ate manufacture o e SemICOH(FEICtOF material. 2. The

metHdy ofedtaind sroltedizienthefitheavieabio plesctubsdraborsplsurdimit e cope of
thIREFSioll MRS 1RO LIEHIRNRGH A MAUHANHO LINR RIS CHISRFHNAIIRANGCS the

the reaction of the 15Group Il precursor with the Group V component.

gl AetheRFORKBIFDOMBESN ittt iip freviifdbihs (epssidhis invention.

In@RUUR-EeRs e oMieh i healrdHitua 1o naaehslie BUEH G AQind described
decom ose#allium chloride dimers or }rimers beforﬁ the, a}iseQHsbgallium
. W

hefﬁlélh 0 SRR Uk ]c‘ff(‘j‘ﬂ AL the elements described, will b&come 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, regardiess of how characterized above, is admitted as prior art to the invention of

the subject matter claimed herein.
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35

20 4. The method of claim 3 wherein the gaseous gallium trichloride is
heated to at least 700C prior to entering the reaction chamber. 5. The
method of claim 1 wherein the gaseous Group Il precursor is
25continuously provided into the reaction zone at a mass flow of at least
50 g Group Il element/hour for @HME loA&vIBast 48 hours. 6. The
method of claim 1 wherein the gaseous Group V component is a nitrogen
containing component and is provided in a greater amount than that of the
Whab’ﬁsc HHE 6up [Il 30precursor so that a monocrystalline Group 11l nitride
is provided. 7. The method of claim 6 wherein the nitrogen containing
componeAtigaditiogepicaitbivpeigas sfiamamacnyaiime Gaonprijery

.lon or radical generated by plasma-activation of nitragen .35 WO
s R ORAETTUSTO OO AAL e TR et GOAP S Ml A e
reactthe wéaci gasehanthenpneledeponmoismoocheattaandiiwhictedutitrechamber under

comprises introducing.the Group 111 precursor. and Group.V component
cond S AN BRI 8 B AR M AL A Sh O Roeous Group
111 prebase g otonang sulosiiateadtonptimizecthie predipetiomuefwidch is sufficiently

monoccliystalﬁne.mate(rfal.t reon. 5 9. The m Stpn(%g 1%2%'%'5%8 WH%] o

hlght’i‘?ea‘rfgéc%ﬁocﬁ%n erReiidesta glcr)sr?racgréll w?gl;l,na pair of si ewaﬂfls,c an
facilope minlefandan dpescnitetdacdvwnorifrther comprises introducing the

heated Group Il precursor through a slot in the floor of the chamber.

10 O.ThEﬂg }Qgt?lo%{ C%%er% \fgﬁ{g 0 nt Qge%%sfﬁoﬁgb?myg Jllrlﬁgrr%%lrjﬁsg{nli%s include

hedted in a hozzle Sl?bjacent he slot. ) sysef m for forming a
dimemonterystalioh«s rooleciddr vMiaemicofithictoemeteridkhtvwidchecthnprisasmof the
Gro so]gicere%f %hgr aa)e&%sﬁ%gupblll Jlecursor as one reactant, a source of

i3 rgup component as gnot%er?eac?ant, a reaction chamber that

receives the reactants for reaction therewith to form the monocrystalline

Gréup IlI-Vhseneitoddifatzimtetiateantalhesind! jevicesforihgativg sl lium

. . gaseous.Group lll precursor prior to entering the reaction chamber .

wicn RN el DL RS S o QdSaehat LA Af Ae dimers
or tripnecubstire dm posevds gabitie recidtiodaotamb dhe odatimatdamtrufacture

of the semiconductor material. 20 12. The system of claim 11 wherein

the, source.of gaseous Grauplll precursor is sufficiently | e

cornuoutly SO Tl MR R B L rias s hoed t0
least [TEIthembdhouwnteriagtitheredaideabd®drours to facilitate high volume

manufacture of the semiconductor material.

5. The method of claim 1 wherein the gaseous Group I1I precursor is
continuously provided into the reaction zone at a mass flow of at least 50 g Group III

element/hour for a time of at least 48 hours.

6. The method of claim 1 wherein the gaseous Group V component is a nitrogen
containing component and is provided in a greater amount than that of the gaseous Group IH

precursor so that a monocrystalline Group I1I nitride is provided.

7. The method of claim 6 wherein the nitrogen containing component is a
nitrogen containing gas such as ammeonia or a nitrogen ion or radical generated by plasma-

activation of nitrogen gas.
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25 13. The system of claim 11 wherein the reaction chamber is
configured as a horizontal, rectangular chamber and the apertures for
W‘B%ﬁ%ﬂﬁsthe reactants are located in different portions of the,.Ghagabskisss
to avoid reaction until they meet at a predetermined location adjacent and
immediately above one or more substrates for deposition of the

semgcondupter3kBateriahiRereadrein thi4eddiRSYBIAMP1RIAIRIGhe or more
wherein the reaction chamber includes a floor, a ceiling, a pair

0
wallspadtiich AuSHSn RIRANSTS SPERTeTine (e S Se Hobreamias 4 %t{b%ﬁuYe
coraponpfisesoaatizaitakhiohiertheaflerttlkiniradtcing jhatde actantintatide one

reactiog ch{arsnﬁer ti\rlnvi(z)e%}?eO%[ggA&QBS%gt-{;/un§2007/08ﬂ18n45 w{thigp slot
n

2 11 1 con.
T Eoh |§1ﬁrpéaa§ dhengioned 1 introduce the reactant and 1o direct i t0
the predetermined location for reaction with another reactant. 15. The

systém of dhirmdthadiedidmntfeseuedetbf (rastions@rap inchrésur staors dreeiling,
a p27 HOWGaRs aritien With e SlQbie: MHRAULR R RISCUASP 5&9{9&51% introducing

reaction zone through the slot. 16. The system of claim 15 whic
thertiprried CopHpRtascs reartBmtat o Alatio e SneeahBeitRINNSs a nozzle
containing heat transfer materials therein wherein the device is
10operatively-asaacniedimihahebeating gesdes: IGroeplthe@fest $Okicated in a
prior to.its introduyction into the reaction chamber. 17. The system of
ng@!ﬁrﬁ‘%@‘iﬁﬁf&‘@i the gaseous Group 111 precursor is gallium trichloride
and the heating device heats the gallium trichloride to at least 700C to
decdrhpose\ Esgattidon Ghrtonige dnmsrsmtdtime (Srbafdié -tNeskatediuctor material,
li ' ide el T
wk@&?@&ﬂ%ﬂ(%% 5‘58%%%%% ﬁ#‘i&*@é?&@?%ﬁ%%% s Shie reactah®-a9firce of

system alim erel e reactio : her cc_)mprlses a
Grevalé stenpapprs e fenotbiiirrgatiaton ceptio b anbritthib scopiues Wisiepperaats for

redDQROERISIANNG ZRREMIGARRMGIREMAEHR]LIS 191 he JaRAsHIRA tor makPial R8d a

system of claim 18 wherein the reaction chamber further comprises an |
heghite, dapishdre ettt irrees FescRPIVHICH COHBHEEST AR SRISEABPRGFAHD
chifdidieeigiheatherversiandditiepyengiesnangd ioeatimioetigiesily precursor
form the monocrystallin segﬂcon uitor 25mat]garial uppphthe one or more .
COLRGERKTAL 10 ORI SRRSO FATAH T T AHBISHTHRE PSSR A B dpaterial
is made of quartz. 21. The system of claim 11 wherein the reaction
chaniBer inthsdgstene Drinmoré!30hwsais thaddsrse mogasded §yr@up 111 precursor is

suﬁﬂ%ﬁ;ﬁ fﬁr\g@isfa 'ﬁt%%tgigvs%@aé%éag&mm AneQr0ere fans 19l 50 ¢ Group
g

circulating air in the enclosure to lower the temperature of the reaction
McHemasehoralfesatbre et lorsp AR i ép st ohiglevelsupmaprasiwsa the
seRidsaglion hyirggucts on the reaction chamber wall(s) to provide a longer
operating time before maintenance is required.

13, The system of claim 11 wherein the reaction chamber 15 configured as a
horizontal, rectangular chamber and the apertures for introducing the reactants are located in
different portions of the chamber to avoid reaction until they meet at a predetermined location
adjacent and immediately above one or more substrates for deposition of the semiconductor

material thereon.

14.  The system of claim 13 wherein the reaction chamber includes a floor, a
ceiling, a pair of sidewalls, an open inlet, an open outlet, and one reactant entry aperture

comprises a horizontal slot in the floor for introducing that reactant into the reaction chamber,
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with the slot configured and dimensioned to introduce the reactant and to direct it to the

predetermined location for reaction with another reactant.

15.  The system of claim 14 wherein the source of gaseous Group I precursor is in
gas flow association with the slot to introduce the precursor into the reaction zone through the

slot.

16.  The system of claim 15 which further comprises a reactant introduction device
that includes a nozzle containing heat transfer materials therein wherein the device is
operatively associated with the heating device to heat the precursor prior to its introduction

into the reaction chamber.

17.  The system of claim 16 wherein the gaseous Group i precursor is gallium
trichloride and the heating device heats the gallium trichlornde to at least 700°C to decompose
gallium chloride dimers or trimers before the heated gascous gallium trichloride enters the

reaction chamber.

18.  The system of claim 16 wherein the reaction chamber further comprises a
rotatable support for holding the one or more substrates upon which the monocrystalline

semiconductor material is to be deposited.

19, The system of claim 18 wherein the reaction chamber further comprises an
entry aperture for the other reactant which comprises an injection nozzle that directs the other
reactant to the predetermined location to efficiently form the monocrystalline semiconductor

material upon the one or more substrates.
20.  The system of claim 11 wherein the reaction chamber is made of quartz.

21.  The system of claim 11 wherein the reaction chamber includes one or more
walls and is surrounded by an enclosure which is operatively associated with onc or more fans
for circulating air in the enclosure to lower the temperature of the reaction chamber wall{s) to
reduce or prevent deposition of the Group 111 precursor or reaction byproducts on the reaction

chamber wall(s) to provide a longer operating time before maintenance is required.
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