HIGH VOLUME DELIVERY SYSTEM FOR GALLIUM TRICHLORIDE

FIELD OF THE INVENTION The present invention relates to the field of
semiconductor processing equipment and 5 methods, and provides, in
particular, equipment and methods for the high volume manufacturing of
Group llI-V compound d semiconductor wafers that are suitable for

fabrication of optic and electronic components, for use as substrates for
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p-type GaN with sufficient conductivity for use in practical devices.
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The lack of a native single crystal substrate greatly increases the difficulty in making
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epitaxial Group III-nitride iayers with low defect densities and desirable electrical and optical
30  properties. A further difficnity 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 IlI-nitride layers on sapphire. The



high (1E9 - 1Ell cm 3 for dislocations) and the p-type conductivity is not as
high as in other semiconductors. Despite these limitations, these

advances led to commercial production of 5 llI-nitride epitaxial films

suitable for LEDs (see, e.g.; Nakamura et al. 2nd ed. 2000, The Blue

Laser Diode, Springer-Verlag, Berlin). The high defect density is a result
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is vital to be abie to remove heat from the active device region. The small diameter and high
cost of SiC substrates are not commercially usable in the electronic device market, where
30 larger device sizes (compared to lasers or LEDs) require lower cost, large area substrates.
A large number of methods have been investigated to further reduce the defect density
in epitaxial ITl-nitrides on non-native substrates. Unfortunately the successful methods are
alsc cumbersome and expensive and non-ideal even if cost is not an object. One common

approach is to use a form of epitaxial lateral overgrowth (ELO). In this technique the
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the epitaxial film in the open regions still have the same high dislocation
density as achieved on a non-masked substrate. In addition, further
defects are generated where adjacent laterally 5 overgrown regions meet.
To further reduce the dislocation density, one can perform multiple ELO
steps. It is clear that this is a very expensive and time consuming process,
and in the end. produces a ngn-hom us substrate, with I
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When the solid gallium trichloride is heated to a liquid, the method may

include SUMMARY OF THE INVENTION

The invention relates to a method for providing a gaseous Group i precursor for

forming a monocrystalline Group I - V semiconductor material. The method comprises
continuously providing the precursor at a mass flow of at least 50g Group lII element/hour for
a time of at least 48 hours to facilitate high volume manufacture of the semiconductor
material. Advantageously, the method further comprises controliing the mass flow of the

gaseous Group Il precursor to deliver the desired amount to form the semiconductor material.
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5 encouraging increased evaporation of the gallium trichloride during the
heating to provide a mass flow rate of gaseous gallium trichloride of at

least 100g gallium/hour. Preferably, the solid gallium trichloride is initially
heated to a temperature sufficient to induce a low viscosity liquid state on

the order of ambient temperature water, such as by heating the solid

gallium trichloride to a temperatyre of 110 to 130C. Advantagequsly, a .
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dimensioned to heat the solid halide sufficiently to provide the gaseous
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arrayieEiaAPrARY R 86 ARLLREEERE 0l Sl9Sion dbF tordserior. In addition, the container

may be operatively associated with a source of carrier gas and a related conduit that mtroduces
the carrier gas into the container in a manner which facilitates formation of the gas flow of the
precursor. When the gaseous Group [l precursor is a galiium compound, the system is
capable of providing it in a mass flow that continuously delivers at least Skg gallium.
Containers of various sizes may be used, as desired for the high volume manufacture
of the semiconductor material. Generally, the container may initially hold at least 10 to 60 Kg
of a soli¢ Group 111 halide with the heating arrangement is configured and dimensioned to heat

the solid halide sufficiently to provide the gaseous precursor. The container can hold at least
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the trichloride to provide a mass flow rate of at least 75g Group IlI

element/hour. For further 5 extended manufacture, a plurality of container

can be connected in series to facilitate delivery of the gaseous precursor

for a longer time than if a single container is used. A preferred Group Il

halide is gallium trichloride, with the container and heating arrangement
cosfgedrgimensionsainarh ol dallim Hanade At
This ‘can be achieved y heating solid gallium trichloride to a temperature
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helium, neon, argon or mixtures thereof. In a further preferre .
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sufficient to enable dePosition rate%tof the Group, I1l-V semiconductor
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a liquid form of the Group Il 'precursor, ‘a dip tube in the container with an
outlet folRBERREPAEATTEFERSHRFBLGH APNGTAETIIRES AR B\ afjltate high
contaiedcanianenh et maaing tovtbenipitbenanstaivatve iacdntslledurce of a
container gulletjeading to a Qgggteéﬁa%ﬁ‘ emé'%‘:?ﬂ deliyeny inerfor.canying e, soq
carfier gas and a gaseous form of the C%roup Pprecursopr to a 30 reaction
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carrier gas and a carrier -5 gas heater for heating the carrier gastoa .
tenfpieteitiive %)P&‘f%%%{“ﬂé@;%P&pégrﬁ’@%%%"iiﬁgipcfé}ﬁ?i Ui tfoer with an outlet
sinasaigstibgndades peVvidingt ncreasediheaiexebangel stictace |poximaiter inlet
to leading to the dip tube; and a vaive controlled container outlet leading to a delivery ling;, the
delivery line for carrving the carrier gas and a gaseous form of the Group I precursor to a
reaction zone for conversion of the Group Il precursor into & Group [I1 - V semiconductor
material, Aspects of this embodiment inciude a purifier capable of removing moisture from
the carrier gas down to no more than 5 parts per billion; or a carrier gas filter downstream of
the carrier gas purifier; or a container heater for heating the container to a temperature

sufficient to melt a solid form of the Group IIi precursor: a source of a carrier gas and a carrier
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the carrier gas heater; or the carrier gas being hydrogen, helium, neon,

argon or mixtures thereof and heated to a temperature of 110C to 130C,;

or a mass flow controller for 5 controlling the mass flow of the carrier gas;

or an insulating outer portion for the container; or a delivery line further
includes a coaxial portion having an inner line conveying the carrier gas

and the Group Il precursor and an enclosing coaxial ling providing an :
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carrier gas info abath of a liquid form.of the Sroun 'ﬁ&&{%&%{a QL 809 atum-based
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precursor is 25 delivered to the({.eac'\gi'o zone at a temperature of at I§ St .
110C; or te BATHET Ga& 18 PURTEE By FerfovAl St OIS TS i ore™ ome @
tharsopaftsipef billiony BF therwarrier gascisoprovidéd sinthefiomggrdliofibntpide that
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temperature in the range of 110C to 130C; or the Group Il precursor
incHIEREE L ARHR RMGRESLIY RURHER &4 pastSSaifo bRt Il Slite Prrstare:
comdairmatibnsanidhe etementscefikis inveatior 0Nl e ajppaie nédtongtheto a bath
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within the scope of the invention. -6 BRIEF DESCRIPTION OF THE =
DRAVWING B SFHE S reeeribrihtichi tAgiP B EoBA de ST BEsRBeaftingupy . nitride
refespneaio thesfelawing:aeialieehdesceplianofiNenpreiemed Group Il precursor is
em&%gfé:%g rt]g ﬂetr@%ﬁf%szeo%% Iari]zvaetgg?agfa{ﬂyesgfagt“{gam 110°C; or the carrier gas is purified
by removal of moisture to no more than 5 parts per billion; or the carrier gas is provided at a
flow rate of 5 to 15 liters per minute; or the Group Il precursor in the bath is heated fo a
temperature in the range of 110°C to 130°C; or the Group III precursor includes gallium
trichloride.
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 mvention.



examples of specific embodiments of the invention and the appended
figures in which: 5 Fig. 1 illustrates schematically systems of the invention;
Figs. 2A-C illustrates preferred GaCl3 sources; Figs. 3A-C illustrates
preferred reaction chambers; Fig. 4 schematically preferred
transfer/reaction chamber combinations; Fig. S schematically illustrates
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numberdereressapinscidmmtifptrhe Sﬁt%t@mm@i\ee@lé\pb\emfmgnwm@@@w ng

figurarRELALR ESLHIBTEHINAR & H&Pﬁ%%ﬁ&&%&éﬂ%@@t%&%@
15 This in |5\f§ntlon provides equipment and methods for h rowth ra i‘t‘SP

u
ARl O RRE T PEOYA R G SrcSHEup Tt ??%8}%%’&& ieiofgtelV
5 wafers ot Hithiestapo sdiblatiThily sguipmenbisoapadie of sustained
productlg{égmt{t@ ﬁ{\’;@&é{’&ﬂﬁ&%@&%@f&%ﬁﬁ@mhs production does not
need to be shut down for maintenance. The equipment is capable of high-
throughpispréatic WTW%%%F%E?%IW{%?% batch of wafers) can be
pl’OdUCEE@Vﬂf(}baﬁﬁ@ﬁlﬂQﬁ@fé%@d@stf]ﬁ:ﬁf@ﬂﬁﬂéln‘%eﬁeﬂﬁpﬁmmﬂns
semiconlt_gtucgosrG k\{\é%l‘%ga e ggt%gdr%r i btle for f rlcatlon of o(ptlcal
and electronic componesr(tts for substrate ?or fmaf%er epttamafdeposmon
10 and for dtisep Sbmitesnadcmeiraite ﬁaﬁ&gpﬁ%&tmgtam grefelptagrangement.
embodimgggant@ee@%m@t%@,@qrmmawﬁ@aﬁsm IyhlifgeteshBRaring on
ogﬁcm GaN nitride wafers; and such embodiments are the focus of
md l%‘gﬁ%sequent 25 description. This focus is for brevity only and
should not to be taken as I|m|t|ng the |nvent|on It WI|| be appremated that
the preferrd2Edmbo BB ORI RBH ¥ Al HE TEARRED HAABIAB IR

15 other Greyp ihkr&&fﬁ o@u%s @ﬁu%%m&@%@@w@%%ﬂ%@%@%%&@&&h volume
alumlnum/galllum/m ilum nitrides, and to prb%ﬁcmg wafers of Group Il|

phiepHRFEE AR e Grewhida, CRE‘&?}P%WI Eiﬁ&@%ﬁ%?@bhﬁ‘tf&t%%’“lbm The
wafgrenfwafessabfeanipofdned i 88icompountes eprictndusters amponths
within the scepe of tis inveniians Lhisdnyention.can eg. Féaﬁ‘i&ﬁHé%{% EQble of high-

effective because particular embodiments can be realized by modifying
eqiisHREREIFed bR e R AV Eb e P@ﬁhﬁﬁ‘éﬁ?‘%@é&@ﬂmﬁtﬂ@d every one
20 Thﬁﬁﬂyht@@ysmr@bﬁxpnnh&eiﬁmamsm%teﬁwemm arerespedialtysuitabie for
important to plt xy while as ectsr edt h o ”
e S SRR R G R YR M cpg aposion
m@iﬁdéﬁté’éheAﬁgﬁtlth@iéﬁmﬁm@ﬁﬁbmﬁiﬂm}ént|on is designed to have a

Significanhtgtgteﬁy@t%@cﬁﬂ%& isicapaRigat &tghn\é@tb@@rm@wfﬁﬁtwmcmd to
Also, !;(égentloné)row es%ﬁg VII’ aII OO% eff|0|%n%/c|n the u

1 1ments are t us of muc eo? the subsequent
exBé 2y FaRB VBT a

description. This focus is for brevity only and should not to be taken as limiting the invention.
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It will be appreciated that the preferred embodiments can readily be adapted to producing
wafers of other Group 111 nitrides, e.g., aluminum nitride. indium nitride, and mixed
aluminum/galiium/indium nitrides, and 1o producing wafers of Group II1 phosphides and
arsenides. Accordingly, producing semiconductors wafers of wafers of any of the HI-V
30 compound semiconductors are within the scope of this invention.

This invention can be particularly cost effective because particular embodiments can
be realized by modifying e:quibment 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

ST



recycling of Ga that is not actually deposited and is therefore exhausted

from the reaction 5 chamber equipment; with limited downtime needed.

Also, the inventive process and apparatus include an economical use of

Ga precursors. The invention includes the use of a known low thermal

mass susceptor (substrate holder) and lamp heating with temperature
controlled reactor walls. The use of lamp heating permits the heat energ
tosHienpbaceapred 16 TR pibioal Fiot FEET HE sABYSR0RIS dypged to
TheJamp-heatind sysienm is equippedhwith & aphtrolsystemmufaqpednit vy, the
faStvgl(l)twer Ch gle%%gr ‘;81‘!:1& qﬁa}g/s [S Cleefllgw tht%grl},saf! g}%%ﬁ%@%ﬁ? %) grecovermc and
cotpied Wit the lamp heating system pe ermit very fast t temperatur

crrangésg bt thydntotewilly dampeifedans tampreErE R e tHEoRa iy artion
5 2 MG@@&%%E@%@R&%@(%@MM@'ﬂé&ﬁ:@rdﬁé&ﬁé hrelegreesizesand.

The inventjon includes reactor W%SP hat are controlled to a specific

tePRBEALYE FR-TE-1 AT RRRIRTDE Hﬁe Woas Ph4se reactions and prevent
depositidhoinsteiwatslidhetacke of whiio-de positiornpémaitssusceptor (substrate

straightforyard se.afd m%%gs toring A0r Gro Wi 1R . Biress And PIR8H neating

pertlnen rowt parameters invention includes one or more external

? e8! E1BED N PR 6PER) A SHS Pt BSy BRAJ TR phe £y walls.
10 is d}{@ﬁh&)@@@&ﬁf@ lgdiby RrepeORIGMassfiow ehcenicaliarydFhéie i®wer changes

practical limit on the size of the external Grol pAI,!Nﬁg 8&‘?;’1” ; i
sour%:{qea}:%n alr?ggsp%\én e |§|Hﬁésrsélr51§eg of 50 E100 to aél% an;d sg\iéarrgtpemn
soureelen AT T ot TARHRIaE 4B e thepReFRITTRIGWRIH A 10 the range of

be@\l@%&@é&?@é&@{@aﬂditblaﬁrggwantmrE@rofhad@Q%M&@ﬁGaN the Ga

precursoris Gacl3, Thléga Sourlgxewlt 5t esu;ear O{?Ottrglg: Stgrévat{lag temde ature (0
discoveriG¥ RSEIRER ST FAh W Et C|e TS TOW Viscodity state ne

15 physidali25ndesres, @srhdse biskinigna asimier geisithretigh g tid w@a@g"hgmk of wall
prowide;asyfficienteraneration 1ale of GatiBuenthihet GAGI3-ASSHMESnG other

such a sufficiently low viscosity state in a preferred temperatures of range
of PEOREFLFOCITRERRE tion includes equipment for maintaining the
GaCl3 atachrstant iefhpesaterer &k presaurevindheadotaisoositil statersor(s).

Ctg g}af RIF D j%f")%f*% 99&t{911§9cm%&a%ﬁ£@ﬁgsaégéa;%mgsﬂow

liqui vering the GaC13 vapor to the reactor. T

20 e cahemtawrﬁ@mhla@st fIB WS aﬁ@%f@fﬂrﬁrﬁ%ir%éibf%t&mp 1l

40Q gioounithat-tesatitd nn(a@rizngtaﬁw&@m(ates 0 thesrange:of 100ct0cd@iners
tm/ho on one $Omm ameter substrat ggt%gé/n number of :?hmall r

wafé’ SAdRe L edptorThe defiv r%/ stem from the 8P3$0§m ume. .For
co nmlﬂ@nﬁimm@m@mh rrespeoific fahperbiur&psofiks to lrﬁf@@éﬁtthe observations
congensation:of the GaCdi-Thednventionalsoincludrsaninletmaniioldcal

structure that keePs the Group 11l and
25 means, e.g., bubbling a carrier gas through liquid GaCls, can provide a sufficient evaporation

rate of GaCls, and that GaCl; assumes such a sufficiently low viscosity state in a preferred
temperatures of range of 110 to 130°C.
The invention includes equipment for maintaining the GaCls at a constant temperatisre
and pressure in the low viscosity state and equipment for flowing a controlled amount of gas
30 through the liquid GaCls and delivering the GaCls vapor to the reactor. This equipment can
sustain high mass flows of GaCl; (in the range of 200 to 400 g/hour) that result in GaN
deposition rates in the range of 100 te 400 um/hour on one 200mm diameter substrates or any

number of smaller wafers that fit on the susceptor. The delivery system from the GaCly



Group V gases separate until the deposition zone and also provides a
method for achieving 5 high gas phase homogeneity in the deposition
zone. thus achieving a uniform flow of process gases into the reaction
chamber and across the susceptor supporting the substrates. The
process gas flow is designed to be substantially uniform in both flow
velocity (therefore, non- turbulent) and chemical composition (therefore, a
uRFERRT ivortiBReh d Prevesrl ERISEENTEMDRIL Rrradiseadsysation of the
preaiding separate primary inlet ports for the Group Il and 10 Group V
gases that.rovide uniform diatbution, of 48R ARIRRS e WA B BEup 11 and
reactor, and to achieve ng‘h uniformity. fn preferre emzbogn%ents, the
marifold aaTpsresticeitdle sappstesigretaan alrefreddsy msdulhiggasieving

5 flows acepralingdadensiplesif duididynamicsniheirvantiomalseinsWeesocess
a method to add ener% to either or b%g] the Groug [l Ig)tr 0th;gu&)bv inletsﬁ?
erfASTH B HRS FEATHBIT BHICEALY BFHTREE Praciiebrei A préferre 15 ™
emivodiment]dhis doigaihc bdeuasmsiigdofde imiaitd doomplesitiofthofefore, non-
the, dimet rm-of e GEpRILPIRCHIRAL, P A BIMAVNRBIOROMSE ferred

GaCl3. In another preferred embodiment, this would include a method for
deERAHETRID HISA TR AFHRS IR R TSRS 21 PERATN I bRt Croup [il and
10 decempusiiies niplasmacdfeinvweniioncalsé sachuces ke uijbmentiorcactor. and to
auatc qg:% qoﬁ’%ﬁ?foﬂ%'@d“ﬂ 1"6'%%1"%"&:%'@1%1:]:&:'1%1&52 qulﬂ%oxgé% 1d and port structures and
cassetie-to-cassette loadi g, separate cooling stages, loa ?opcks,
notetgherdvafieediarondedng Lt oMt ACaR B 0RO SO DIRsI O Shirofhatiaivet
interfaceghtothe,everal araudhs LERHEMe INeHyentionaserBeiaRSGroup 11 or
tergi%era{/urq contro| of th reac%or in Ft.andyo#lﬂlet flanges and the eghagst
sySYEP and 8 SBE HESiGRES presEirE &g tIaAG VaE that TBIT ™
15 operateliate2Siredunedd iprossuracina! Hig thtermp ekaturessitTanepdratimer form of the

copfrolimithese areas preyeis-Rremalre gas Rhassueastions @Rdbodiment, this

minimizes deposits of GaN as well as various reaction byproducts. A
mafSHILEEHER BT LANBES R & i DR BRIt B & @A BY therme!
dovwsastieasinef shetzeactor is controlled to prevent condensation of NH4CI.

The invention alse includ - [ve t0. ' v
e e AR SR SR 9 AR AP RA

20 recivmatio RaRH TGRS TSRS e STINEBE AN eSS n ¢Ad skt rpn-contact wafer

Adglitional, aspeeis and<ripilsaihthe ttvantion iacluderibal useobaerall growth
susceptor that can hold one or more wafers during one growth run and a

susCEPTOr designed to prevent attachment of the substrate to the
susceptof turirentivick!growtdes tsnrerdiite presentiideaptionr islpamsddeiet flanges
the, disgoverhal spgcific Mustakhalide £omReunrs HRAYECaNAID HAIGM operate at
chemical properties, and that when coupled with an apparatus designed in
25 reduced pressure and high temperatures. [emperature control in these areas prevents
premature gas phagse reactions and minimizes deposits of GaN as well as various reaction
byproducts. A major reaction byproduct is NHyCl. The temperature of the entire exhaust
downstream of the reactor is controlled to prevent condensation of NHLCi.
The invention also includes a gas-purged gate valve to reduce deposits on the valve
30  material and the side walls of the reactor and to reduce gas recirculation and reduce residence
time of the gases in the reactor.
Additional aspects and details of the invention include the use of a susceptor that can

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

attachment of the substrate 1o the susceptor during thick growth runs.
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light of these properties, the combination can be used to deposit thick

layers of Group IlI-V compound semiconductors, and in particular gallium
nitride, with heretofore unachievable 5 high throughput, high uptime and

low cost in a manner characteristic of high volume manufacturing. For this
invention, "high volume manufacturing” (or HVM) is characterized by high
throughput, high precursor efficiency and high equipment utilization.
Throughplg préseisneatipn rmbesed Pl siboertivaat spgvibe petiddslidecompounds
PresursoneflisigRonmasan %@ﬁ@é@ﬁg@ HAGKAm 10pidhemalerahiRytiioned in
the system goes into the product and is not wasted. Although there are a

large IS TR D S QL EHISF HWilks e HateRai b‘?’&gé%%r?é Group IV
strectprendviicadepositiomidtesrange frdhvarommnidt 50itd) Geretofpit unachievable
elemraL(aueh. A% 0R ML REE VLSRN R, REMHQE Of ALGASHABAAOHI Sl e

100g Group'lll element per hour for a period of at least 100 hours, to 200

g BFFURIFEEment per hour for a period of at least one week, to as much

as 300 1kterdagasaupilth etamenthperrheuifor apevied pfatleasiad by high
month. A typical source capacity can range from .10 60 Kg in one
e B R, SR SR b, s meams
senesbT s eEarr o thaGeo (p Prosssivdterigrthiroudiipas tnzreasehgimimee fraction
to thegenabiRingshitoSHcCORBRRKEAGIE B IRMANT W illZaUadMaaRg hehere are
ratio of the time that.the substrate is.in the reactor 20 compared to a
giverFErTEp ‘“ﬁ&g VUt eégsﬁ%ﬁbe&ré’.“gé eﬁ?ﬁ(ﬁ?ﬁf&%ﬁ’%‘?fﬁ@ ARt
pregpcingprodustasioppasedd6(se Gupipdalibletion (sldaminglioem) per hour for a
MaJRiEARRESQUANIALYE TANIRRIQN HeSE IRSHISS: 368 AYAIIRRIR Ok ast 100

mature silicon semiconductor processing technology. The equipment

utifi?4tol? P19 AT 8 DB e-RFniate il P erothef shéressaBeie Tisrignuch as 300
85% swhich dsrsithdanienthat Bdwsilieanpepdasibd:depositioniequinmentsodfes capacity
Reactor utilization is t eriod of time during.which th of materjal

o e B B G A R an
re SRR HIS By eI a0 ofd d ol 1o 250eTie) Hike Tarma NN e adndier o those
sughtasdhessidisclesed.harein, this value is on the order of 65 to 70%.

Growth ugilization is Ipe overhead time.in the reactqr, meanjng that it is the
time 30 aﬁl ME, uthlzatlontﬁleans the ratio o t?tﬁ ém';)g é % Phgﬁlg?sgaéﬁgs}ﬂ‘ %5% rl{’sactor

g which growth'is 6ccurting'in
provited thereipivEoRncoprEntioal 3 VPE veadtor ] this waltefihonmnthes spent

order AfER 126020 RIE N2 VM ESRGLAT.SUSHAS JRPRRIISEIRSe dyvantitative

herein. this value is on the order of 95% to close to 100%. i.e.. close to
thaPBES & Cs At AIF A PRBIEd R mat by o B S ReisahE SR iRy ocessing
addrasgég theraulimitatioiizaidh e cHivenb HYRE tdcnatogial whickhe order of

E{f(’éé%@%n*?_'%% yalume manyiaeiing., This S, dNGRr eRIaGHRg g suugnt
Reactor utilization is the period of time during which growth of the material on the

substrate is occurring in the reactor. For conventional HVPE reactors, this vaiue is on the
order of 40 to 45%, while for 8 HVM reactor such as those disclosed herein, this value is on
the order of 65 to 70%.

Growth uttlization is the overhead time in the reactor, meaning that it is the time
during which growth is occurring in the reactor afier a substrate is provided therein. For
conventional HVPE reactors, this value is on the order of 65 to 70%, while for a HVM reactor
such as those disclosed heretn, this value 1s on the order of 95% io close to 100%, i.e., closs to

that of a silicon manufacturing process.
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situ source generation with an external source and replacing the current

HYPE high thermal mass hot wall reactor with a low thermal mass reactor
with temperature controlled walls. The 5 use of an external source

eliminates the need to stop production to charge the precursors, greatly
increasing the equipment utilization. Furthermore, the mass flux of the
precursor is controlled directly by an electronic mass flow controller,
resulting'hs insseonistenbprroldotsive tiyrawithl proeeess ahBsrprovd il technology
T%i%ia%mgm@%mffmﬁaiﬁgmmgawas@m@i@anmﬂ %Qf@;ﬁTHNPE in-

reduces the time required for heati and both durln ﬁ‘ %tglermal

16'HAMTSH RS PR SR AR TS T ARG P AT
permﬁﬁdhwaﬂsemfommjtﬁn-akmpmawkelpﬂ@weesesvzvhhﬂwpamumtmadtﬂﬁaﬂyﬁs The

p%@@ﬁd%&%&@é EMP&@%W&&@%%@ pﬂascapmct@aﬁwpﬁmmm

wall temperature reduces gas p ase reactions and almost comp ete
eliFFFAAtaRTraIg e FoSHEP RRFh HHaHosS Waﬁhaab%@rt%%%%ﬁ%ﬁé}%%&é’gemém 18
tinenieivieRRGle an g teacingniash tgiwraaﬁtonmniasanmg il fmbhe - present! of the

Inventl%n IS base 2n %Q\ee f\%c r:jé% Ert denerrpn% sas‘lfgact%OWﬁ?{‘ép(%)%rg%?e%%ntmlled

us%g as an ex%ernafné)ourc position of IlI-V compou

sefiboexdaitiopgusatiieatimp Fewerési iRcsafincHsontinshetifbdegigeryth and

10 equipmenhdetaileshindhis dpyentien, dddificieniyigh magetiis the use of muld-
achieve and maintain :“ h deposmon I e§ on ngrg reas. In &_Lt ulta‘rﬁ I
wHERRTBTIE P eSS ?P&i‘%ﬁ’f?lt Sl ‘ Viscosity ?acte Bpermit ot "
routisien2 OTphysital means| ergwbil lmnprgewzsth radoatsi easgéie%mghnﬁthaimost
Gag 1581 Qﬁ%}g?em fd ftse‘l@iﬂﬁfl@ﬂ% J%l@ﬁ%@&@%m%ﬂ? 1%3@5 the time

GacCl3 assumes such a suffic entIy ow VISCOSIty state at temperatures in

a refTyeca KAt ApIratREARdNE: RECHHIKEYRTbre this invention is based on
15 the fact thaé @as@da&wa}tha lighistpbase and dmthegasphasel@t compounds can be

ten) %rat”rest‘é’r%' Vs"o%r%‘é Egr a@o%glén%@ g'm%BmEB&ﬁng%%deyéﬂd can

(9]

fort e dimer can e ertten eit or 25 Ga2Cl6. In addition
to Bavics Guestatay s ordysnReHEsIsArrEI se BBnrsk dekdie! @aiprdEFratnn. 2

Thﬁ'ﬁ%cfé@mﬁg&ﬂﬁiﬁﬁﬁﬁlﬂf@ﬂé‘iﬁl&@e@ﬁ@@Qiﬁt@x%thi\ﬂﬂﬂﬁ)éﬁﬁlﬁﬂﬁt@s@ﬁﬂa@’e areas. In

‘more ClI s For. example . monochlarogallane has thet obr
at d?%lgl?g ace%yﬁ}g}te? &Qj 1S 13 & Stk g\k/ !Eﬁv VltSC()Slﬁ g [%% d()utme

oms. AsS shown lﬁlefb rmina
20 atophgscahnadss bezrbphdtod Withh (aote deatithaeh Boaidisard mngweiemwfﬁciem

30 Qf s &aROURE)ACEAHIAAR. ks &lcdla Lerdietatly QA9 Wate at

4225, the stabijlity of the dimer decreases with mcreasmg chlorination of
the {BRFTHATGE-% BRFRBY 0B REMAS! | p8r I SubSHito N R fErRasSased o
by th8tkaahmGh@lithredchldpipstitution for gabpidging ematomrcEhasasibout 400°C

the, numbsr ofisubsttted G a&qmaag%mean}aec&w&ﬂeﬁltg@m as (GaCly) or

monomer. at a given temperature, would decrease. -11 //"'S
25 GB:;CI()

In addition to Ga,Cle related chiorogallanes can also be used as a Ga precursor. These
compounds are similar to Ga,Cls but with H replacing one or more Cl atoms. For example
monochlorogallane has the two bridge Ci atoms replace by H atoms. As shown below, the
termina} Ga-bonded atoms can also be replaced by H (note that there is a cis and trans version

30 of this compound). According to B.J.Duke er al, Inorg. Chem. 30 (1991) 4223, the stability of
the dimer decreases with increasing chlorination of the terminal Ga-x bonds by 1-2 kcal/mol
per Cl substitution and increases by 6-8 keal/mol with each C! substitution for a bridging H
atom. Thus as the number of substituted Cl atoms decreases, the fraction of the monomer, at a

given temperature, would decrease.
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960 + 2kb5 ,.a~VI'.FrF.y... .. ... G~rS+u. IS. QS119 12 . L'Bi. F:NCILLAC
2dHN 5Fi73E . }.. #SIi&E 95.7 -p+.0'. 1592 ..15E CI 1 10 The growth
of In- and Al-containing compounds can be achieved using substantially
similar equipment but with the limitation that these sources are not as
easily kept in a liquid state. InC13 melts at 583C. While the present
invention described for GaC13 may be modified to operate at
temperatures above 583C, this is practically quite difficult. An alternate
approach is to heat th%esé;?? 0: a,temper%ature below the melting point but
where the vapor 15 PresSKIETs SK (;,.lent'tﬁ‘ achieye acceptable deposition
rates. AIC13 SUb|I /}d“ mglts«at 190C and 2. 5 atm. The
present inventiog, esc‘r‘i’t”:e GaC13 c¢an be modified to operate at
higher than atmospheric pressure and temperatures above the melting
point of AIC13. Addltlonally, the alfernate, approach described above for
InC13, heating below om,t ‘tesachieve a suff|C|entIy high vapor
pressure, 20 will also \j\bh 0@15 a dim@r {ALEE) 2 in the
liquid phase and ip#the gas at Io peratures. Another main
component of this invention is "a low thermal mass reactor. The low
thermal mass reactor with temperature controlled walls greatly reduces

the time Foqarrsalief Iredint SAULBTRTGTBOHR ARG reMArFaHeing substantially
m%lﬂi@ﬁ%ﬂﬁ%n@ﬁ@o@b@ﬁw tr-rnapidivdaentand caak2h thensulsifslie Bpoin a liquid

ermits th use of multi rocesses, w |ch Facti ical
o Th ARG I Ky B A RN e T TRt B e modifie
wall temge ratuneperedirsedgas &ﬁ@s@m@@tt@ﬁg@lﬁcﬁ@ﬁm%ﬁ@ém plewdtgmate
eliminates walldenesiiseFlimination. - walb daRosits giqaiiy ingreRse st por

time between cleaning, leading to high reactor utilization. The low thermal
ma‘gés%‘fﬁéﬁﬁé‘@‘éﬂeBV%ﬁt}be\ﬁﬁﬁ‘ﬁgt? RItFBRSIHY T a cold wall 30
system, butin ﬁkbﬁﬂmventmahed/va:ilmmﬁtlarﬂ isammtrdlledmemmp@@hﬁon

terﬁgscg%tuc{%o & current ot mall sté%@asa@m@%amo@ gd e,sgggga%%d

in & Turnace. In the new system, ong/ the substrate holder and substrate _
aréqﬂméﬁ”eﬁﬁé?éeéhé PrrAERaYS 96 dtHieve e ATt g TEIHH HRBERY described
indieHeRdheatinhenkesisiancr:heatingpdmonaanbodimgniette ifystemor pressure,

COI‘]SIE aﬁ‘;o work. AICH: aiso forms a dimer {AICl3) 7 in the liquid phase and in the gas phase at
low temperatures,

Another main component of this invention is a low thermal mass reactor. The low
thermal mass reactor with temperature controlted walls greatly reduces the time required for
heating and cooling, both during growth and maintenance. The ability to rapidly heat and cool
the substrate also permits the use of multi-temperature processes, which are not practically
possible in the current HVPE hot wall system. The ability to contro! the wall temperature
reduces gas phase reactions and almost completely eliminates wall deposits. Elimination of

wall deposits greatly increases the time between cleaning, leading to high reactor utilization.

The low thermal mass is achieved by using what is traditionally called a cold wall

30 ' system, but in this invention the wal! temperature is controlied to a specific temperature. The

current hot wall systems are heated by being enclosed in a furnace. In the new system, only
the substrate holder and substrate are heated. There are many ways o achieve this including
lamp heating, induction heating or resistance heating. I one embodiment, the system consists

of a reactor chamber constructed from quartz and a substrate heater constructed of graphite.

- 12 -



of a reactor chamber constructed from quartz and a substrate heater
constructed of graphite. -12 The graphite is heated by lamps on the

outside of the quartz reactor. The quartz reactor walls can be controlled

using a variety of methods. In most cases the wall temperature control

system consists of one or more methods to measure the wall temperature

in a variety of locations, combined with a feedback system to adjust either
cAbkrayaphitesiatineyath priaothenshy alitridgiohths anaimtzdecttie tmperdtgracky walls
a presetyalg.dnanothenemhodiment. thewall.iempreraiiigdsaenyeliegol

by fans that blow air onto the exterior of the reactor walls for coolin%i;;‘t]gf

WP fOh Ot RO <RAREY foELEh SN E L SHNRFFARLS tha ¥
telmparatyrentoritoligr cfndbechrogrammeiito sidgyr theltegapératungeitput to the
aﬁ%lﬁ‘é% '%}P&O}ﬁ%&&ﬁftf?ﬁ%ﬁ&%}mra HLERG GOV QL MADIRRARCE 10 wal

Although the focus of the following description is primarily on preferred
erFBOETHBIS TBTeHsEREiRGgaRIGRhithge e irare A thewrncy walls for
appeeiatatdhalthepauipsienbanssmerthodsrdesatsibedcanibe seadibmperatre
adapted by one of average skill in the art to also produce wafers of any of = ... .
e e S S W A S0k B e e e
Actordiggdytsgcmangignsent is within the scope of the invention.

10 Headingg giguusad 4 dhreughentfeschacity anly @pdwithouh inteadetmbodiments

limitation. Also the invention provides equigment for hi olume .
b R Y AT D G b ARG CBS R iy ggment nd
opegdthn’ua JPyeferdiedrem l:nadim edrstaf th @lin\foé @t«iqﬁgcaahib@ émﬂdmm fyroduce
reqlized/copstiuciediby edapting/ maditiag. exising MhFRMIMENL DR ention.
has been designed for and’is commercially available for silicon (Si)
epht&assFIirglpradicE S0 mvERkdhe CRPHBE ReRERAISFtITHAdRHHKE Wi

15 expensivesansd dimieyconsumingHaroaassded idesigining and constructing all
componepts for GaN. deposition equipment from scratch.. | o :
ostaino R T S AR S RmE T 10 SEIRE eI o o waters
bethabireeqeoiliyahivd exsHermcalne ez durionadrerehod mrkn Ty i getedon can be
ang.limitaehmadificationstaceXist ghRINYRcRSSING PIRENCHTE REaRRent that has

equipment. Al with such. modified existing 25 equipment, however, the .

BRGS0 BS UBR ACHaTgty  oct s
20 followdngodss criptioncissirstdinebtok conlerponerahy prefereuinfegtomes oot

be jngorpratad e existing.ShegRMerHoy GaNRIRAUCHRRFF 8RIHE Sk,

that can be retained from Si processing are not described in details as

thelsFatwEi KRBV 57 TE St AT B KRS RS A dPEri SRéa ofe more

therfgdiures tededestyibaizeandetimpie manteda3douth endvientidnisdifotations to

limited to embodi i fe : fol1 ovistine

o ST e e R Nl oxicin
25 featavisrare haokpaprdbeBlenand the yirRteseads afE #PRERKERR loading,

load locksyangldully autaamaiele description is first directed to the generally preferred

features to be incorporated into existing Si equipment for GaN production. Features that can

Lh

be retained from Si processing are not described in details as they are well known n the art.
In different embodiments, different ones of the features to be described can be implemented;
3¢  the invention is not limited to embodimenis implemented all these features. However, for
higher levels of sustained, high-throughout production, most of all of these features are
advantageous and they include cassette to cassetie ioading, load locks and fully automated
wafer handling with separate cooling stage which allows fast ioading and unloading and

processing a wafer while the other one is cooling. The loadlocks eliminate undesirable

~
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wafer handling with separate cooling stage which allows fast loading and
unloading and processing a wafer while the other one is cooling. The
loadlocks eliminate undesirable 13 exposure of the reactor to atmosphere
to minimize introduction of oxygen and water vapor and greatly reduce
purge/bake time before running. Moreover the automated handling

reduces vyield loss and wafer breakage from manual handling of wafers.
IresemeecHsbs raaBemoefitfiosplaame tisnusadite inmdistireaiersesnphichater vapor

aﬁﬁéi‘@ré&i@%ﬁ%@ ﬂﬁ?éé%@ﬁg nghapekiRIRAdIng At RdSmnetatibsmAS GRS reduces
900C and save long coolin}géptime. General embodiments of the prefeéred "
feHRl S DRI IR e R GRS CHBEU R Ot ot B £ BEhRHE™m O
VRmsystea tithwillibecomdeapparent bowthesége herbladmbaodinndetding at
can be routinely ada Q particular, commercially available. Si epitaxy
e(ﬂe[ﬂl Fﬁae% ?%gg%oﬁ?vﬁ?g 8‘?&?‘.’63%“ icéofa}enﬁe(ﬁlgbted to a particular

preferretiembotivrshrefshiSthneriaad oarasof ity prerares R it egscribed in
thatishasedr Q%é?;@ﬁco\f/ Plﬁeaﬁ%%l LOM(rhseries Sbainglgswales epitadiahbodiments

reactors available from ASM erica, Inc. (Phoeni ). It is apparent
ST AR A TRLAGF1E Rt TSR 1S DARATLBASr PR o T
erfibodimeddsciptandthberekamplec theinveatiordcood kkindadifyebeoitapietkntion
to the CRENTPRAR. series.of AMAT (38Rt Slarap GAINESRIEI6IGhic-wafer

embodiments of the equipment and methods of the invention (for
ProEvilRIAG CETHN R S idiRtgEite (BRI réfereli cbaRPERGL powever
Partictslampeafeit eche mbieimehisparecthentdacsibadhinimene detaibet: example

with reference to Figs.. {?3 %e egzill% tla%]@ﬁH %‘;g}ji. Yention.is
de%?giﬁge %%Ig g?z%é S01'][%/1 or a‘.‘gﬁ volume manu%actu%itﬁg o] eigtaqillal GaN e
layeks$ on substrates and also for economy of construction and operation.

5 20 e GENERAL EMBORIMENTS QFpHIR INVENTIQN ey iaomv@nieegroducing

and without limitgtion, the invention.is generall scribed with reference
to PR WiRToHAS BT et ﬁé‘iyﬁs*?é?ﬁ%%?cseu%%?%témsafl 8@2‘5 SRS
precésdirgasesr{ondigdidsibslibsystedsBivhtdintranedetion chanfbeerally, the
a”%ﬁﬁ@ﬁ%@%&n@ﬁ@ﬁ%&@&@%&%@&@& W3 N0Ieth ROV MM S Afing of

attribute of a combination of various physical features of the system
ina@aqﬁﬁltﬁé%gﬁ@wwam?@%@?ﬁ}b%%%%ﬂ% 9L ERFERARI operation.
SOURCE OF GACL3 30 The structure of the first subsystem, the process
gas suhsystenexespaciaiy<be gatlisresgeonpound vapor source, is an

importan%%_%é%%ﬁbeeaﬁw&nﬂga-;ilﬁﬁam_%?é\in\@ﬁo@rgcg%ﬁg%ﬁy%@_cﬁgx\a with
briefly described. GaN VPE epitaxy comprises synthesmnq GaN directly
onmiarence to Fig. 1 in terms of three basic subsystems: “subsystems 1 for providing process

gases (or liguids); subsystems 3 including a reaction chamber; and subsystems 5 for waste
abatement.
As noted above, HVM is an attribute of a combination of various physical features of

the system inchuding the generic features described herein:

s 1. EXTERNAL SOURCE OF GACL3

The structure of the first subsystem, the process gas subsystem, especially the gallium
compound vapor source, is an important feature of the invention. Known GaN VPE processes
are now briefly described. GaN VPE epitaxy comprises synthesizing GaN directiy on the
surface of a heated substrate from precursor gases conzainiﬁg nitrogen (N) and gallium (Ga)

(and, optionally, one or more other Group I1I metal containing gases in order to form mixed
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surface of a heated substrate from precursor gases containing nitrogen
(N) and gallium (Ga) (and, optionally, one or more other Group Il metal
containing gases in order to form mixed -14 nitrides and optionally, one or
more dopants to provide specific electronic conductivity). The
Ga-containing gas is usually gallium monochloride (GaCl) or gallium
trichloride (GaC13). or a gallium-organic compound, e.g., tri-ethyl-gallium

(TEGIQRE-saetayirgallive M«é@apiﬁtma pf'trstdéao@emmea@@@a&sciﬁlducnvny) The
referred to as HVPE (H I|d or Pr ssure |n the C

e RV - R € U SR BAELC ISl AL ERgp e e or
prgq@émesrm@a@npgsamnggnrwawhgﬁzmﬁaarmg)mqwrearhammm In the
vafer e sypthesiced jorsitthin tRKEACHON URSSS 0 Crde Ve PAREINGHIG! the

over a boat containing liquid Ga. In contrast. GaCl is a stable solid at
arﬁ??i‘@ﬁitdé%@YBﬁé%\%"’fh@&ﬁ%X@@%F RSB hich is commonly
supplledmnesaaieclammﬁmmﬂm {eabhiwitmiabohichgponses 1 @MGhat GaCl

gg?ﬁ% Arnelalls 'ﬂ%&ﬂ&h@%ﬂo%%&%@' 985 [ URUaRY, %%?‘aogé% containing

and semiconductor quality NH3 is available in standard cylinders.

Alﬂé’r‘ﬁéﬁi’y pi&sniash&ivaked N@b& gohé@ﬁﬁarﬁrﬁgt KPRSYiEoBY FadheaLseaghof
benﬂﬁﬁdr@&d’ﬂ&z Nwentaininggaz:Maecedan e ismsuhsiantialy:tnieactve ¢ or so.
C GaCI even. at. hig cess temperatures Nltro
e R P e R S S oy o
pr@mdmgdsﬁer@yatbt:sbifﬂﬂﬂrﬁm@éh melesiaks Fopestample, by adding a

RF sou r&ﬁeﬁ%éﬂéﬁﬁﬂﬁ%?nﬁ%ﬁ@a@:%@@%t@ QJ&QHQ@%F%%%UYMQH@% be used as the
plasma. When operating in this mode, the pressure in the reactor is

usharrsrré’aa%éas é‘??PF&W&MW‘&@%‘F@&%&&&WECVBCé??d%%%%%iﬁ% at high
hayedscnrfipernd:tes bélﬂmsgarde&wablmf@xesmspwnem digéndbolurmen in the art, in

M%Hi@acftg( IBQ)Q h}%&%j@r E}%}!ﬂ? Ee er,%(?e M%g: %Bﬂﬁé §)$ adding a RF

desirableé for the growth of films greater than bum because achiévable” _
dePRSHIdH HAIRESRARE S IBES THATFEW BB pBLit6H HatEy-aliiraasigtng in this
by bR Ehpressssas. the ofexam plaaiVRindeaposition rate can be in the

range of 9&% . 1000/ ’ Orgﬁ%%g"@&%\"angg Df ﬁ‘gﬁéﬁe YR é‘éa'%é’u'neds% be less

than 10 our."Secon Is less desira causet .

proiseisehletuivesiaihed. &ighpriat Mf@ﬂéf@’a%@gmfe@@’qlplmthéf@éﬁ@ﬁ First,
20 ChaeRerinAssoekda dosmis gl Feaationwith &1 dhhashesnfaurehie

that maijntaining such pply of liquid Ga in.a form that re tive
i BT SRR TS TSR o RO BRI RROSBEHT & QR eeses
Théreforeeguidinedeofsthen mie ntiore s primariy dil®étdd o GaGiIHNORE while
for fghvyplme mappiacturing, Opiignglly. @é&@ﬁdasaﬁr@vﬁar%séﬂc@&me

for, e.g., deposition of 30 buffer layers and the like. However. use of
GalS PR B R IF YIEhR  SHERR R HAG S U s S i i Bragipe eamber in
vapaidhatasheyesa sutticientd 0w ratenthateeafobedmatntainathing such a supply of

liquid Ga in a form that remains reactive with HCI and that is sufficient for high volume
manufacturing is difficult.

Therefore, equipment of the invention is primarily directed to GaCl; HVPE for high
volume manufacturing. Optionally, it can aiso provide for MOCVD for, e.g., deposition of
buffer tayers and the like. However, use of GaClz HVPE for high volume manufacturing
4requires a source of GaCl; vapor that achieves a sufficient flow rate that can be maintained
without interruption (except for wafer loading/unloading in the reaction chamber) for a

sufficient period. Preferably, an average sustained deposiiion rate is in the range of 100 to



without interruption (except for wafer loading/unloading in the reaction
chamber) for a sufficient period. Preferably, an average sustained
deposition rate is in the range of 100 to - 15 1000 gm/hour of GaN per
hour so that approximately one wafer (or one batch of multiple wafers)
requires no more than one or two hours of deposition time for even thick
GaN layers. Achieving such a preferred deposition rate requires that the
squmﬁmm erasanaper flow &f tabplBoxanae RiaRauiranproxisaiely 2aQitiple

or 3Q0 g/hour (a 200 mm circular 300 m thick layer 5 of G Ncom r|
SO AL 86 BT VI B A1 SHBLL A695 by i =+

Fu‘rthemwmkeaﬂmweratté @@nspretﬁeaabigqbleem@mmmwmosmlamass flow of
dufadion.sQ tmﬁo&&%@%@@wy%r@gm QT SEhALE(SEIMCEIMG ck laver

source are I|m|ted to at most one per week, or more preferably one at
leS5PaVeRMRIS o PoT %@@I@ﬂ%@é@% i ﬁt"r&iiﬁ%ﬁw oot fleeridpy weight).
ratestian betimdgiotanedianaifeast bOnvadersdo rdatolfas: af: muttipheso that
2 gcrl%):’ugn%t]éhnpg%eggsr ?ep lXuf%[ t%trl%ﬁg[ Or‘\ff%:re Jﬂ?e 0?1 c%%?é Hu%?cp IS IBIQQS’C one per
ers or batc or more cha source Is not known in the prior a
Theerlg @rpmmlefetﬁ@:i’rﬁmW%ﬁyvmé\g(at@“@@lxv%ﬁrcé%@&ilﬁ%r@dﬁi@gfmd

preRleresiiy ﬁt@@&ﬁ@@%ﬁm@{e&e ekachdawy m&@ﬁs mguﬁaéi@mumpm wafers), and

Achl V|n refe red ee |nd the certaln

10 pkﬁ/g %55‘rt|%assi‘of8§a I@g %toém i&h con f)sn% SE 0385, Such &
soﬁrdlrmnwabmmamtﬂ@fmmed onIy by sublimation. However, it has been
determingd that Gate b gublimation ﬂl%@ée%eGQ@Q%Qﬁ&%&e&f&rd%?éﬂgﬂé%mblems n

vapor at preferred mass flow rates. Second, GaCl3 melts at about
an‘H%b‘b’i‘c&?ﬁ etﬁéﬁﬁeﬁédrélﬁ?“(eratw&@/ﬁbr&?&ﬂﬁn ARBIRY BrrePEfSTERS ffpaaates has been
Hivebeex it ﬁﬁ%ﬂs@; keesidgiesninedpthat cvaparatidfirsatembéent conditions,

15 '”ft‘}"a%‘i“ataesg‘%rd %9 0{}& RIS RS IA5E, O (G RO RS L VRIGRLas been

p yS|ca means Increasing rate Of evaporatlon e.g., agitation,

butstrgnehidaeafikes BB IAErEA S8 BISHSBRALIEN P&t@@@ﬁ.ﬁéﬁt@i preferred mass

begawsads aﬁél&xﬁqaktis AR @W%Mlymmhm@tmmmﬁmm
for{n ft%lqy Cf13 0 uff|C|entI wer VisC Stlt%n htas ‘
obS8R/EG Ahd discovered that be |nn|r51°g § 06U alﬁlﬁrox?meé Qorﬁ?ﬁé& oS are
anmaégp@ménmmvabomma&m@@mﬁtém 366 6&313@\/@,}3@@1@&3%@@}5@%@ for
20 SU%éJQM\G%t\é@?@vSAB&%@éE with @1‘(&%@9%%3@1@!%@{}1@1&% o thRkREease
water. And further ‘ﬂﬁ‘i‘ihag been observeg and_discovered that in this lower

visEEERP LS SHTHRES BhY BIEAI ThEahs SPBEAp I I LERSR ARG
the GaCl¥hevapocations fate slifigienthlo qfrmﬂﬁceethb prefevecbaiassdionas been
rat%saﬁ;%ﬁ%gl Hg%@&%ﬁé@ﬁ%@%&%ﬂ Y&'&Hﬁ@eﬂ] @Wnﬁiﬁ especially at about

reservoir of liquid GaClI3 with temperature Ti controlled to about
appresaniaiEy 130€ anebprovierds WéPH@&H@WS@’f&O&%%@Wéﬂtﬁé’l‘msm
25 evapalationerale.Suchphysical meaans canisalude:ragitate dhediguidihat in this
fﬁ@&{‘%ﬁ“ r%,‘l't% s(‘;L W Garler g3 AR QYEL DS I de-DURbIe SAKer 9%y,
evaporation rate sufficiently te provide the preferred mass flow rates.

L

Accordingly, the GaCls source of this invention maintains a reservolr of liquid GaCl;
with temperature T1 controlled 1o about approximately 130°C and provides physical means
30  for enhancing the evaporation rate. Such physical means can include: agitate the liquid; spray
the liquid; flow carrier gas rapidly over the liquid: bubble carrier gas through the liquid,
uitrasonically disperse the liguid; and the like. In particular, it has been discovered that

bubbling an inert carrier gas, such as He, N» or Hy or Ar, by arrangements known in the art
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ultrasonically disperse the liquid; and the like. In particular, it has been
discovered that bubbling an inert carrier gas, such as He. N, or H, or Ar,
by arrangements known in the art -16 through a lower viscosity state of
liquid GaC13, e.g., GaC13 at about 130C, is capable of providing the
preferred mass flow rates of GaCl3. Preferred configurations of the GaCl3
source have increased total surface area in proportion to their volume in

OVEK%J& %qmﬁe\f%m@&;@rs%@@mﬁa&i{@}ﬁ@mr@é usinohgativg eherae M Sapable of
outside of the reservoir. Fo exampl §§} g tratgd GfaCI3tsour ihe aCl
oyt iR s RE AR AL 108 BETAGR ly GFESHEFtHAN e didme :
Fon@alid: thiswallddewiaend4 20pgpetihour tﬁmﬁafdemdrrxfré@rléamhme
hoD%E?Frtt%m ?&%@@J&Q%J‘?&%&ﬁﬁg%ﬂ&hé%&&@&'EH%%%&%OQ& B&hple. the

hour for a period of at least one week, to as high as 750 to 1000

5 hollpssradiaEaiduserss iesskuiHmahtAtM SRSV csrsidemiiy s %ﬁ&ﬁréthe
of aml@cr@fausedﬁtqwmQuamd eluaa;tm C%Q@Efﬁbmf& epd@EaCi8supplietihours, to

R Eal 00,9 3TRa eSS AN MO RS PUITESHIPE O Mast one

g inut eso fhhinterrupte de osition. re, a further aspect
of trelGa@idisbardeVae tHIe @\I@ﬁﬁ@ﬁ i@q&r@@@é@@ }éaﬁafidﬁg)ﬂfho achieve

tgect‘l'g h 'ﬂﬂ&%%}w%ﬁ@%&@ta@@pm@m@@ p?@ﬁﬂiiﬁﬂ 1SRt ReNRKGIE cannot rety

aCl3 saurce js preferably lim However, rechar is made m

0 comtiprieatetmy's é“tgqugé?i@ %aaﬁigofl Sroact rleaff.:ln %}v‘%% atmosp%lerl%effsfor only
mdistorés TheiGaCidickangesdhiersouiee, Hirdethe .G &Ch8 sapshyofithesGaCls source
musthe g@&@gﬂqbﬁ}é@a@f %ﬁgcwgfqrofﬁ'&%t@@ hx@@-@r@%’éﬂﬂu@ Botheos this

throughp utrg&as of various embodlments the invention includes source
CaRISRION eI i RETE AP AR 98 Ny BriEsaie PICFabi dutedn SIRss ekt charging
or Qtﬂaashab@w@ﬂmﬂcoﬁvgt(mﬂdmy Db@ﬁ@mmd&tﬁmdﬂfﬁivhﬂm atmospheric

15 requiiements ot-size and welant in Visw 9l the f@%ﬁés ?J&Pﬁét@&”agmmmre

the SOUTCE in CIOSE proxi ity fo the reaction 0 ch1 In a preferred

emisouimenterneotadis dourasivarrhol e a%wﬁs@%m gpbedigys. the

Gagrl3uraferanly Qﬁ%@ﬁﬁaﬁﬁ@f%@@ﬁ@%?&%&nﬂu‘wﬂi ke ¢ealizeddhatieast about 33
there is no,real u gr I| étto hehcalpamt of thgeGaCIB ource .other th

thek% é}llé?ltclgasrf 3[F§) S 3 il Lermine uirements O fmze and

and us rthermore, murtlpﬁg sources o
GaGtxbouldibe ehuplthntagh of mamm@lgt@npetrMP iswitshiprg oty Bnide reaction

2(}50%}%&@”%%&&%%@%@@&%&%@@5@ é&%@%%m&%&%&%@%a 100

25 be remaved while the reactor is operating and replaced with w full
o8 SR RS ST B B CObrAEN Gt (e G ABATe RarB  no re

tempeeatune eomtrokmolithefskpplydihesibetwbenithetsovrsiend theonstruction and
reachorb %’c%"é Tﬁﬁé &8%&%“5?@4&‘%&%@ s&%RM(“%%% MIlfOld to permit

associated mass flow sensors, controllers, and the like erably increase
gragNiBeAy TEGHATT A tHE R REROMPHAE Ba0 FEacts 46 RBE reHE R BhaiBe Ul thes

z5inle 33 Ardenie Rorpraventsendapsatiem pbthev@aGidwapanindhe
e A PSS A EREHR SRR conol of
entry mus n Beh ?he’y mig { damage sealin
the supply hnes between the source and the reaction chamber The temperature of the GaCls
supply lines and associated mass flow sensors, controllers, and the like preferably increase
gradualiy from T2 at the exit from the source up to T3 at reaction chamber inlet 33 11 order to
30  prevent condensation of the GaCls vapor in the supply lines and the like. However,
temperatures at the reaction chamber entry must not be so high that they might damage sealing
materials (and other materials) used in the supply lines and chamber inlet, e.g., to seal to the

quartz reaction chamber, for gaskets, O-rings, and the like. Currently. sealing materials

resistant to Cl exposure and available for routine commercial use in the semiconductor
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materials (and other materials) used in the supply lines and chamber inlet,
e.g., to seal to the quartz reaction chamber, for gaskets. O-rings, and the
like. Currently, sealing materials resistant to Cl exposure and available for
routine commercial use in the semiconductor 17 industry generally cannot
withstand temperatures greater than about 160C. Therefore, the invention
includes sensing the temperature of the GaCl3 supply lines and then
neating. or 90lg e 1068 A% NESRSRRC(ARDELRIN BRAVOUAL” Hisotor, e
supp\ly g temperatures) so that the supply line temperatures increase
(OrRETiAS U e YEERE A PRI S E WBN EPMReSoiiFed can o
Whighiis @ﬁ@f@fg@b@a}&e@mﬁtgﬁ*@&@?ﬂp@iﬁmﬂg@%u Bulspisr mﬂxi?mpmaafréhﬁo that
reaction mber Inlet, which Is prefe about roxi 14 .
o B PO Rt 1S A b SR HEHE e Sl tne s
5 toldrancecofQiringyufesthienseatingrpiatimiald). P8 betipfreakparye at the
necessarviemperatre:cani hthalanaibuofibe supply, lins ibetweevibene

source apparatus and the reaction chamber inlet should P@ short h line
praTEIRSRAIEL8RY 1 THEH BEOTHED PR O SR F Ly FRE g ther sealing
pressufaloverdhatt aiid s rcedsacortngte sy @prgsgm@@hwpthe supply line
Sy%}gwee]iz th'ésﬂ%{rt &l 8:3%9%95 IH@ rg%@&)lg’ aRUE& inéhéﬁdﬂl\ﬂ%t!s%@r{,s preferably less

precise control o .tﬁl GaCl3 flux into the chamber. In a bubbler _

10 enfbaribrnepmexases Hiix foni tAe sburde Rrasige Ryt <drrfte souree s
tergp@rateme,oh thesCanGiarshe prassure over the GaCl3 and the flow of
gasthat s 12.puboied thievan he GAc OIS GMAsR v hEAG e Gaci
can in prifciple b&*€ontrolied by “any of these parameters, a preferre

embodinefieishtonbeontho ki bea ssrHosipgnai R thel folip Bf BecwiHes igggpendent

by spnirolienddRstinetiayaiiahie gas 60mRRStiN, SaNS SSHE @S fat is
Piezocor, and the like 71 can lTe used to rO\ng(g%é ditional cont[o of the
cond,

15acthﬁ}ﬂﬂg€§é}§>}lﬁg§§ ﬁﬁ%je\aﬁl ﬁtafzéﬂ{i\%% A e C)H%ﬁénll(élgcg[l e controlled by

on
champer iHssapditiomnthe peéssurendveiitivet 20:GaB1d Sounces daw be varying the

Coggcifw g fe&%&@aﬁ%@r@oﬁm&e&)'g?fy%i%migezyp@m@@4@@0%@%@%@% such as 2

bubbler. The pressure control system, e.q. a back pressure regulator,
alloWefEPEaPrBFSkthE GOdR PRELSt REIH RN LI REF GGt PaE s mass
the gentainan pressysesit GEnjutcho Reudtionttieedatrceddienp eratueesak over the

ZOthe Bg&b lse I&gdc trrl] gef!:%}ll\{rrcﬁt% %£ ta!,'] er&:g‘zri{‘iee.&%ﬁ%ﬂc Jlgt%t?? ;ﬁ&emr@l%%%ﬂet of the
determination of precursor flow rate. Optionally, the container also
inclideigcarnl IR irasUIREPRYTOLTET Portien? herk daXiFaIsIs Bt the! idrdRarentrol of the

usegl the ] 3sqslke cihitigeG atokirsUpPly: lidesinanddiihannietjunction with
manifold structures in contact with. GaCl3 are_chlorine resistant. For.meta
OB 5 HOREASA A B ST D, i R Ty o e
tantaipmsbasedralivyiis Pretemed: Furthes. cOnosiolyrdsistaiacfolinatendss an
2§on}B§{ﬁ§[&t§ Sa0 hsiprovided through a 30 protective corrosion resistant

coating. Such coatings can comprise silicon carbide. boron ,
It is desirable that the materials used m the GaCly source, 1n the GaCls supply lines,

and in the iniet manifold structures in contact with GaCls are chlorine resistant. For metal
components, a nickel-based alloy such as Hastelloy. or tantalum or & tantalum-based alloy is
preferred. Further corrosion resistance for metal components can be provided through a

30  protective corrosion resistant coating. Such coatings can comprise silicon carbide. boron
nitride, boron carbide, aluminum nitride and in a preferred embodiment the metal components
can be coated with a fused silica layer or a bonded amorphous silicon layer. for exampie
Siltek® and Silcosteel® (commercially available from Restek Corporation) has been

demonstrated to provide increased corrosion resistance against oxidizing environments. For
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nitride, boron carbide. aluminum nitride and in a preferred embodiment the

metal components can be coated with a fused silica layer or a bonded
amorphous silicon layer, for example Siltek(r) and Sileosteel(r)

(commercially available from Restek Corporation) has been

demonstrated to provide increased corrosion resistance against oxidizing
environments. For 18 non-metal components, chlorine resistant polymeric
materials (either carbonlor.silicone olymers are pr. I)(ertrgd..lnbpreferr d

e MBS SR RRR RPN B I RVCRITER BAIT 4180 PHSTige 1ot Solireds
for@youp | Hrenetddrorgianic compounds so that MOCVD processes can be
performqq_fpf&érﬁe@&%lﬁle%g&y Qllﬁﬁﬁllegﬁ HSEH Peiln gﬁ%%tm&@&l sources

or AIN buffer layers, thin intermediate layers, I%ﬁrs of mixed metal
nitﬁ?a&9%8%%%.%%&&%%&%@?& OB IO R REGPPRet: Tor

3 asckaowle, MOEVartad be @edup, ¥ pregursothis: &gasrcoiiainiag] onesothin
more Gr t X >h. gases.in -
P T R A A SR AP W ORITAAO goses can
prégis st e Peration Bf Niat typical growth temperatures.
Ammonig 12 Reb GNEpRRFREW SQES B6R1aXIRENRLSRWERSGTOR &XBBME Fxamples of
SCNE ODa%“sCﬁ?Jh%{?&iﬁﬁ%ésanﬁeﬁﬂ",y javaiiable I cylinders 49, oL varaus g
siz€s, and carrier gases 72 are available & cryogenic liquids or AS gases,

10 alséausoiteanersvifosufivugsiregpFlai@sdithe soigasesvahichwergntine yrmmonia
CO%@H&QrW&%@&%S@W&%@A&%&%@@@%ﬁ@@aﬁﬁﬁe,'Ebﬁl%%ﬁ&%@%@ grade NHj 1s

embodiments, the 15 equipment of this invention can also provide for

solieEh SrHirdr BroUp RSB FRERCTOR &80 aabs s

to aghig_mcih@mhseds@amoﬂm iﬂ@n@&ﬁmﬁu@ﬁy&ﬁ&tﬁ@ﬂ@pmtﬁr@b&y gases can be
ad?‘?‘%}%%g%o&fr ‘if%'&‘ﬁ?‘?ﬁ%@'g%\%‘é%ﬁ%l?e;fse%_&%%ﬁ(éﬁ@ShﬁYt@%lﬁlak‘% AR Rents, the
preferred’f doaptatlon an 2 I

or a use 20 in this invention include as-is most or

15 all erumeabel this 1o BipRe st R SC AR cTRR SR At 89T die g hionides.
determined to be useful for HVYM of GaN layers with the modifications and

enkangerertsosiseloaedrierein. Although the following description is

directed lﬁainly{ to embodimerats that ad pt _exi§ti.n e u(ieplment reactars .
ext, ¢ achieve increased £cono n.ﬁeleac cix. bsﬂst 1S are Hre eraply C?daptatlons
and reactor systems can be purpose bilt to include the to-be-describe

featliresuThaldHy erritnhlinehits S o retesighgasds 25 roeiffinadaptation and use
20exigling:eqi e nt-and desiguing-and.fakricating Rew: RO IS AT NBese features

invention also includes the resuljtin i . Generally, preferred

e PSR R ST sty S e G and

an approxmsatefisbioxedikeran haitigghabe fike confiueativenwithtegsbmainiy to
verfical, fimsnsiensiand gieater figizantahdimensions - eipinfeatwesfose vuit

horizontal reaction 30 chambers are important in limiting unproductive

re a@té‘?‘%‘éta?lﬁ)‘géfﬁ%?\?ﬁi\tﬁ’#wlrgﬁ'qagfﬁf'ﬁ}venﬂon inciudes both redesigning and

25 modifving existing equipment and designing and fabricating new equipment. The mvention
also inciudes 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 horizontat reaction

30 chambers are important in limiting unproductive reactor time and achieving HVM of quality

GaN wafers.

219 -



GaN wafers. -19 3. IOW THERMAL MASS SUSCEPTOR AND LAMP
HEATING First. time spent ramping-up temperature after introducing new
wafers and time spent ramping-down temperature after a deposition run

is not productive and should be limited or minimized. Therefore, preferred
reactors and heating equipment also have lower thermal 5 masses (i.e.,

ability to absorb heat quickly), and the lower the thermal masses the more
preferred. A preferred such reactor is heated with infrared (IR) heating
Iar?\pé'glh%% SR AR ATE Wﬁ%ﬁa MAfGStFAES feactor 25 made of

quartz afirte@ared sy oweridprgitrdivsaiR 4dmpstRAuing oppaaters and tme spent
UrRRSY I SA | MRS Ak QU143 RiREE RIS LN gm@&ﬁi\o@hm@ﬁ@be limited or

since it IS sufficiently IR transparent, sufficiently CI resistant, and

SURBIBIER T HPSEHSRy. Bl A R BT DD IR IR E E N FRRSTe!
5 OMASHABMBERIVYALASANE FANGES T ihmelcsmnhedhaniaigngamstiﬁm more

chambednietiors B elsa ok RodHels A AlRR NN TG Bld has

imized. During eposition processes, precursors, products, or
byjsromae ealsdapositiB IEsdeis shidsivr dais 2 etebPokitsnlopeitudinal
condeasatonganbe Fansighificantilimited ar-ahateddnneo oioling Wae material,
temperature of the.chamber walls erall cooling them.to a X
A L T R PR ey el s
10 of precursors and byproducts, but that is sufficiently low to prevent GaN
formationLANEIEPISTRO P B IHENEIS TP e & SHAMBSEMALCHOTE WIS

processes;cERASNSR Ain Pl ARPUMITES: 10:8RGx: theiRringPRkiRMRMOgCLiso should
NH4C1, condenses onlybbe,low out 14QC; 20 and GaN beginst form

ana°dEYESC AP SR A PSS EXEREHTRE HSBUT RGOS, BRARSDar AR ard
cohtretiektocteriperatoreiSdiatisipraterabilisbstwberp200@, whitkdnagion can be
15 Ee?1@%%%1%011%‘[@5%&IQ{B%H%\D&%H&&E%Q @Hé%ﬁﬁ)éxlal{{}f!: BF %@gﬁ%@? Qalis generally

yproduct condensation, and 500C. which has been found to be
suffierertiya s Sigrmearri AT B HRE BEEHOHIB R RSB ORETEA
prefstietkiemmpeatidestanga fopthaohambenwalsici?h0, to850Eerht GaN

Temperature S%Q”OHSE%G? { %%91%?@»9@%%1%%% rs%'c%{ %‘%ﬁb‘x@eﬁrxﬁ%?'ﬁ?o%esses condense at
chamber walls. Rﬁ)ﬁough transparent, chamber walls are nevertheless

hedtdeMtaboohTé delfide by prinsiraidnsreiisy HiShtheorighste mbebaleirgbout 140°C;

20SUSERRAK Figink WUSHALRS ac-prefielrachsaalings atranEemeatisoyhChChamber wails
reaction chgmpber 25 is housed.in a full or partial shroud 37 and coolin
i B AR LI PRl B Ep St i e WIS oF e b
reastifinicharhizbro3eiWalinéniperataesseampdymredsuretdyinfaradd S00°C.
pyrometny.and coaling . flow Gam e UslRg: AFRO IO b QL RXAINPIS: chamber

a multi-speed or a variable speed fan F&J?r%fﬁms. can be, provided and
b

contidifed By <EROISBEREHvETEChE thpetatitds’ "¢

Temperature control to preferred ranges generally requires cooling chamber walls.

b
wh

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

provided and controlled by sensors sensitive to chamber wall temperatures.
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-20 e 5. LOAD LOCK, CASSETTE TO CASSETTE Wafer loading and
unloading time is also not productive. This time can be routinely limited by
automatic equipment schematically illustrated at 39. As it known in the art,
this equipment can store wafers, load wafers into, and unload wafers
from the reaction chamber, 5 and generally comprises, e.g., robotic arms
and the like that move wafers, e.g., using transfer wands, between
exterEaI holders and th%gg;g%pgg%qghe reaction chamber. During wafer

D LOCK,. CASS
transfer-Fhe reaction chamber ¢an be isolated from ambient exposure by

intermediaenieinctrad srdpasinertimens. abomex At vontivH HBle (@b fpgroutinely

betwesihadsansiesphanebacrhiReexieiaican PErmitiQacinguand ar, this
unloading and can then seal the transferaq!ﬂamber for a n%rblenée 0 ction chamber.

X ORI e AR TSN Al f P E A S RSP L 5 ?oﬁlaB’i]é 00rs
betwiegn:thbytransiereschambbrtamdrhend dctdkcariopers twafsesmig.. using transfer
plaggment:and, ismovehalwela N Be pRHSEERIQL SHGR A ¥Ste BudlSPwafer

prevents exposure of the reactor interior to oxygen, moisture or other
atfBsHTehe eatammRARtE sHbEERlEEe Bory m@b&%@%&%%ﬁ%%m wafer
unieadeiwaiess. Hdﬁe@ﬁ&fﬁ]ﬂedﬁmoumeadquarw@emﬂwIurﬁraﬁsferawmdnd the
beg use it reduc aﬁp I’Od agéf (],an% QWL %91@9981@& %a%er for ambient
Waférs tﬁ%ﬁt causing ontamlnat|o°n 6. SEPARATE INJECTIO

10 Pre@mrgaﬁefvﬁ*e@mgmn%mmrﬁé@rrn@ﬁﬁmwﬂ%h@ é%&ﬁsww%wmfﬂ
31cmw1%mm£@&%35ad%¢em@ Hantifer-danesiting Bigh aualiyieabh the

yers This flo mcludes the 20 followmgrg %f Er§e%§glar%cterl§tlg§ folrltmmswre or
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nitrolge Ricosthiningrgas)isagts Nﬁi@dm@#em@t@%m@ﬁ m@rr@é@a@ﬁnéh@mﬁfbﬁf wafers.
through separaie.olets. D aYshatid.nat be mied AW sidethe; \eRcifRtve time by

chamber because such mixing. can lead to undesjrable reactions, e.g.,
15 forphipittsobpiane e forE aeas ‘ﬁ‘ﬁi&ON ERRG LR Pinterfere with
subsequent GaN deposition. 25 Then, after separate entry, the GaCl3 and
NHS3 flovgsanespratenadahyoarranged so that the gas has a uniform
CoMposIQn I &@%@anmeﬁﬁ{nﬁ%%%wn}Rﬁ@ﬁ@&% E?LAHQ&@%% outlet

the 111/V ratio should vary over the face of the susceptor (and supported

waTBHPI afers FRPRH BartRamitmhED AR By EEs thi flow includes the

20 apgsasimatelyb¥ed onameteaipiefesably hyclessiban Fappraximiielyc3iaidig gas,
2% ¥ jG/O 1A|SO Hl]e lléJV rat(')(r)l Slrrll?nmd be s ﬁ}l\l@{ly %L!{b agj}ntla!esf %O ca ]:10 Mhamber
in tirfé over fions of the tace of the éusce for, Ace nglty, the

Ga@l@‘-ﬁhd@mﬁ@ vémﬁﬁpmﬁm&dm@xmmma@%daﬂwwgééw because such

sprﬁ%ﬂg@rﬁ&(&@r@%m@ow%ﬁa%gt%r%ﬁm{g chamber; $0 dhatl,upamiH;
arriving at the suscwp%tor b?‘ﬁ]’l ases hg%\a/e g{ non -turbulent flow that is

unifBPRCAE OB I Sreagt SB381°EAnd preferably at least
25across th&hdianteterptthesuscbplol: and NH; flows are preferably arranged so that the

gas has a uniform composition in space and time over the susceptor. It has been found that the

th

HI/V ratio should vary over the face of the susceptor (and supported wafer or wafers) at any
particular time preferably by less than approximatety 5%. or more preferably by less than
approximately 3% or 2% or 1%. Also, the II/V ratio should be similarly substantially

30  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
the reaction chamber so that upon arriving at the susceptor both gases have a non -turbulent
flow that is uniform across the width of the reaction chamber and preferably at least across the

diameter of the susceptor.



- 21 Finally, the flow should not have recirculation zones or regions of
anomalously low flow rates, where one or more of the process gases can
accumulate with an anomalously high concentration. Localized 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 the inlet 5
manifold of a new or existing reaction chamber. As used here the term

rinlet magifald” (efers. (e Situetues hal admilRiacess AN CAElousy tow
gases into a reaction ¢ er whether t(hese structures-are unitary or
wHbstiertseyheomprisernaks of hiareshysicatipasasaraEaih glepomalously high
mapifQie.desio @%@aﬁ%ﬁ%@f&ﬁ@tﬁ’da@ &1@\{%&1 efellening.g %@ﬁaﬁﬂfﬁa&ﬂ' B&st avoided.
have been found to achiev refe éve rocess i#é?% flows. H wever,
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maogeled vising fuid dynamicmadelingsofware.Rackagss KRoWR N Ber these

art. The proposed design can thereby be iteratively improved to achieve
inCTESRES BRI OpHBF 5 BE SPTABC NSO EE Hﬁﬁﬁgaﬁééﬁ’?&ﬁhﬂmm
advantagejau&ztha:é prosessdas etngdrtoiiieve detitil chiamberrd Seb@res have
Cefibuen et anemarkaLal lhe Wi aLine EhARNChEdmerns. i
exaniple muﬁlpﬁe ga§) Tet ports or e or more SIots ¢ rough gas
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redttio el(?&%?éﬁ 8\% 'St ere 1ter m PR BrEVERT sle‘d?lgmreased uniformity
depositiondmthibricuity. of the 20 |nlet ports |t is advantageous for the

actual 'n'%IraoHﬁg@b@&%ea&@gdwﬁhg@amﬁg@grﬁa@sbegstgmuﬁs%m%a%@on chamber
that they are not heated above a roximatel gb 400-500C. Alternately, the

inidie pEROEshIBREoERE BIOSHH féﬁ%fc%’ad Arihe SR Yo besEgAEYs Fgttiple gas
no&zﬁﬁﬁi(;dé‘rtﬁtﬁ’l by CiNerdNxts I!hha@ib%mlf@amdathﬁtgaﬁrﬂb&/\ﬁpmhﬁeﬂéaeralh aCTOSS
%ucegth gf%@aﬁtlc%lar nax%g 9 pucg t%gqgr%ggrgg_g 5&}#%‘&?}%&(36@ to

he improved, or ined amlca"ly Secon ary purge ga lows

imsiefing @W@F%ﬁb‘?ﬁé@ﬂg ot BRAMp @WW@WW@%@&%%?@W reaction
mixiRgitRise Q{Amaé&ﬁq%mm N3 Banp eandepsecioaitertbiase of the
flow to increase uniformit m n an eoc:| revent

2 og SR 0 IbLLIEH FOFG oL SRR RO Lo bl
the sme}i@namdmtmﬂ@wg@rimtevh@bc@a@nm@mbeﬂﬂﬂoﬁﬁ*ﬂﬂﬁfeﬁﬁmﬁiwﬁm infet
it hag Rean found-Advantageps toRIQVIAB A RINGE HRS: ﬂ@%@ﬁi&rmmmm

the reaction chamber 30 somewhat upstream of GaCl3, and NH3

fl
confine thASHICES D TR E WY th A GRBRUSE G SRS Py e on Teuration
shieltiih & sideancalsiofrilea teabtanfrorvedinintendetJepositidn. Fwopnthespurge gas

2PUTRGRE %ﬂnsoﬁg AURGEONAIR pagy %eafc%%%%@m%m&aﬂa%&aﬁé with the
laterally near 't r wa s and a lesser amount centrally about the
midetieantFachaifbH: flows can be used 1o alter these flows to increase uniformity of

Lh

composition and velocity or prevent deposition on reactor components. For example. in
embodiments where the GaCly and NH: flows enter the reaction chamber from different inlets,
it has been found advantageous to provide a purge gas flow entering into the reaction chamber
30 somewhat upstream of GaCls, and NH; flows to confine the process gases above the intended
deposition zone and to shield the side walls of the reactor from unintended deposition. For
these purposes, it is advantageous to introduce a greater amount of carrier gas laterally near

the chamber walls and a lesser amount cenirally about the middle of the chamber.



Also, preferred inlet manifolds provide for dynamic adjustment of, at least,
one of the process gas flows so that non-uniformities observed during
operation can be ameliorated. For example. inlets for a process gas can
be divided into two or more streams and individual flow control valves can
be provided to independently adjust the flow of each stream. In a
preferred 5 embodiment, GaCl3 inlets are arranged into five streams with

independently controllable relative flow. Eur ts of f
et T OB (T BETHRURS PGPS T ERERg: HIGERSaH Moty e one o e

temperstpreford sambecontrbiiedibothsopredenttheccondensdtiemeforated. For
P r@%ﬁ?ﬁ’é Snfid fo@aap%ct?ss%g I HEYR e JAMALR & IRAAPSIHIERE DY Al flow

materials, e.g., gasket 10 or O-ring materials, As discussed, the GaC13

|nlé‘t’ﬁ611t§ﬂ§‘f‘?éﬁﬁﬁ‘ B ddehih bR s Yesiushin fRe Aigrgkptream. In a preferred
5 tepBsatyces taachandinth eraaed heupplydineywvhiahnsepsederablontrollable

mcreafse f[rom about approximately 1.30C to about approximately 150C.

CommercraWy available chlorine-resistant, sealing materials, such as

gasket niatéhpssrasts efmn@fmwéﬂsmavéﬂ&br@ltér trsepinathes fifaigol. Thereby.

mapitoldaiRdnaticianies sealing.the-manifolddordhecquaniz eactianda of

chamber, begln é% @et%%?rate at te eratures in excess of about

ap S AtETF L e PALTAR ST R L B - ke

10 o-rimgsnirsabiéetalhigheditewsper de fea i ndve;rtabteh@dﬁ lalso Denysegyinno less
whigh, ¢Asq SR igheaniold uppen enpariure Jiniheanihg, | s?i?&g'ab y increase

Accordlngly inlet manifold temperature T3 should "be controlled to remain
in TR PANR B Y éﬁ%%ﬁ%&&tﬁ?ﬁ%ﬁlﬁ%@éﬁ@ﬁ.tﬂ%ﬁﬂgﬁtﬁs inpyvailable
heahttmmrmﬂ;l&ettempﬁgattwmaﬁmmcarm;eﬂtemmamewngdtfansgnrrﬁdrtarbmvaﬂabte
the &Otsreqr"t‘%q%";%rg ngglrdand Y& Q%o%lstg’ CI%P t?l-{ fgﬁ?{(@ge reaction
em alments an infet manitol |nc es temperature Sensors a émz

15 chahﬁelfewgzéﬁ@p@rawrétwﬁ%wﬁ%es [P ERENP AP OLS BipET RIS YOFOPES

to t@%@ﬁé@@aﬁ@mw&r@mﬂaﬂﬁgc@ﬂe Enrtegattsaei@entﬁgﬂectempmmms. if
GALDENTM fltéﬂd Other kno luids e useg{ r2
R i b

tenfparatitE TARGLR: e i SRR B pre TABhy T eﬁt%ni TyTD e can be

temipetature sensitive portions of the inlet manifold, e.g., the GaCl3 inlet

ports andﬁ?c%@}tﬁﬂcr -fiRgSnakiRAR %ﬁﬁﬁﬁ%%%&@@&%ﬁﬂ@&%ﬂ%@m in the
precisely in view of thermal modellng[ usmg software packages known in

20th e BrE SR HIIEEHRA WhethBr 1A the SOt BrHERI ST AP BRELE Kraperawne
knairmtanendst o30emaiinly tnriiferGh2 il G eimercforion dhattformdsagtualiysceptor.

Ver}’ ?@?J?re‘dpeﬁ%%l(?@ntﬂheiﬂﬂ?Mﬁ%ﬁrﬁé’lﬂéﬁ@%&&%é@%@&%ﬂh&ﬁ%m for

phase raman spectroscotc))\é@ave confirmed that at 300C more than
of tHEgeR N &8BUe! dbipoSuFBItRE dRBFHBIECid A HOForRe PR@raieved by

thapiR8Paief thendietribastetempasedims thel Gahls menemets<@dbe used for
25  other temperature ranges. The fluid channels preferably run in proximity to the temperature
sensitive portions of the inlet manifold, e.g., the GaCly inlet ports and sealing O-rings.
Channel arrangement can be chosen more precisely n view of thermal modeling using
software packages known in the art.
GaCli; molecules whether in the solid or liquid or vapor phase are known to exist
30  mainly in the GapClg dimer form. That form is actually very stable up to §00°C,
Thermodynamic calculations corroborated by gas phase raman spectroscopy have confirmed
that at 300°C more than 90% of the gas phase 1s composed of the dimer molecule and at

700°C more than 99% of the dimer has decomposed into the GaClz monomer,



As the dimer molecule is injected through a metallic injection port kept at
temperatures at or below 150C, the decomposition of the dimer will occur
only in contact with the hot susceptor which is at temperature above
1000C. Depending on the velocity of the gas above the susceptor or its
residence time the portion of the dimer that will be decomposed might be
5 too small to sustain a high growth rate on the wafer. The GaN deposition

process pracegds: herugh @ﬁj@&é@f%@%}pi HaGR and HenfHEN et at temperatures

decomposition to GaCla with x < 3 until all chlorine has been removed to

olteth D5H i dSOrbedadBrATBrE EonIE R & BI6T & UG FRtPIIYOP SPata°tPgHh ireo!
MERQLBRY: I 6f ol Aupsafere themboDiepaidif shentnuestiantf the gas above

introduces the dimer through uartz tube under the reactor.chamber, .
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monomer. A preferred embodiment uses IR radiation from IR lamps
locRtePa e ShgbeP e (AP R AY tHet B Fomrs tihod SrfteTehref Fatw e operate
a high fhonehtsatiationGhTthis eoibodimentdihenfurine regioidifilethces the
with_IR absorbant materials radiati r i i

o Jhses B i anAlL o elon AP adhleginl ot

10 706€ior higherTks thectimst i for GRCUBIBbHjBEteal R Ragjusifzan oval cross-

injeciasand.passescthiesghibeaihet iunrahzenarthe Wisaesilsbee dimer to the

decomposed to the monomer and be.injected in.. the,reaction chamber just , .
LB B AT LR e P S o T AR oG g chaped in

pointiof they GaCle intottebreactomand thvsustiehtbriohhRintiited. & tis
terpReraiie 20 a0ave RO formieMent therssiermationakthe dim@kifion power

_preferred embodiment isto use a SiC plate between the funnel and the
15 suSeBIStEs WHIE BB PR R AR AR A G TR fo° rAllintafh more preferably

temperaire akove; 1Q0Gand prefecaly ahene80RGh far B UReEPA@Risses
AND MULTI-WAFER SUS EE’,TOR %Fnge susce%for ind its mount(iﬂ%. octed ;
caBR St S APPSR U R SHAE BT SRGRHBRA 18 HREPgRPTRgAnd e injected
exaim piestibrahuohapus egtaphite deatedaith. dilicerrgarbis oestitaeen the

nitricle, .Qr, alteraatively.a. rafracloni metaliohalQye he SHSERRIRA S 2 temperature

preférably mounted for rotation on a shaft. During GaN deposition,

20 susbeptdOEinpersiFE ST AR BE R bty L SIS L FIeE gt is to use a
highgrpandharecmairiaingd His the Quaiiad Riam psheasirpled By knowni@ns to
temperature control circuitr void formi de e beneath the
sustBpior %ﬁangﬁg%g%%?ﬁ&{?%ﬁa“éﬂ?é‘?é?&%}? %8\\}/%(1@ Qo‘r injection of
purge gas. This injection is also advantageous because it can limit or
MiMizeSurvramtaditeposition shEtheUaritiagide of the -24 heated

2sSusceptorand of adiacent companents thak Mawalse.he-aateds CHFEEHY. known in

or indirectly). The susceptor can be configured to hold one or more _ L
subbraied or example, it can comprise graphite coated with silicon carbide or silicon nitride, or

alternatively, a refractory metal or alioy. 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 controlled by known

30 temperature control circuitry. To avoid forming a dead zone beneath the susceptor, the
susceptor mounting preferably ﬁrovides for injection of purge gas. This injection is also

advantageous because it can limit or minimize unwanted deposition on the underside of the



8. HEATED EXHAUST 5 Reaction chamber outlet manifold 35 provides

for the free and unobstructed flow of exhaust gases from the reaction
chamber through the exhaust lines 41 and to waste abatement system 5.

The exhaust system can also include a pump (42) and associated

pressure control system (pressure control valve (44), pressure gauge (46)
and associated control equipment to permit operation at reduced

PrESsU Slsclhe-QHl et RaaRiRld e RaLSE iRa S BRAIRF eSS 8 QMR Qr indirectly).

equipment (if used) are_advantageously also temperature controlled to
Iig{ﬁ%%ﬁﬁeé’ﬁgafﬁ%ﬁeo@?@%‘gﬁgﬁoﬁi%glﬂﬁfs(.’rl'—_‘&?f&fgp JH&&s and reaction
products typically comprise the carrier gases; un-reacted process gases,
GaCl8 and i 3xmastion byproducts which are primarily NH4C1,

5 NH4Ga%'é;c!|;l,§'¢zﬁ%é#%u&%ﬂsﬁ%i@%’ ARONRs MRS FALES ARBYE.AROWow of

approximately 130C are required to prevent condensation of GaCl3.

r 4
NFABRY St BAREES ArEF PGS ﬁ%@t@%ﬁhf%@%w It and to waste abatement
apptpdmately 4406 arttihexpuiietxoanifalguand e xbalsisyatedpshamnicontrol
be kept above this te rature. On the other hand, to prevent -
B e A
. noteeRcendralinLAt apsivessipneely 1 60C omit srantight xhuet fghEafgoressure control
10 tempesatke; Tads preferanlainaine tiRherangR@fli@beuimi: condensation of

approximatgﬁlﬁ/ 155 tq 160C %%/tegtgegature onttr?l means similar 1o thos? ases:
usEAFS IO HET ATt RSBt CoRtrot (R Eldhg SPHBRE: terar #4°°

moalekag)d Maxim gascexfiaUs i Hempetatuberiatistimitat by thienarily NHaCl,
magimup aligwalle temperaltiefordhe seals.erakrabie BdhesaRdgalay 130°c
about 155 to 160C. 9. WASTE MANAGEMENT 25 Considering next .
wadte Sy HENE b syateraisn ATSrats it A femiientssySte PO T RsBRI !

15 in eephamiaahgperaia of dCinveantiosby: ieenveld/:of wastegatlitmshould be kept
compaunde, SXANSIEC oM Ie TRACION SIAMPRL A SOIS ATRAIMERL, e
of ﬂ1e |nven, 10 _ can exhaust g ﬁg, or Opf< , Or more uring as§um|ng
ap proximardiyl GEYHESE SRk Boa PG sUBERER RIghVdlume
manufactysiagiiAl CWEeaag: Cas itis @eonoRsakiare aoNebikis :BQhe range of
waste Ga and recycle. it into GaC13 precursor, thereby achieyin
R ARSI OB 1 OO A A TR TR those vsed o

20 schelmatipaftydlersprates coprafe ffedusing odirpes tlefpeisre debage mdppmum exhaust
subsysiem.n.hatdrvides for arlliimARERUER: AN HaleatD e rRRAIBAS, preferably

adapted from commercially available products. The stream exhausted
fromt HEEfi8h L AEMbE-2S g@sges through exhaust lines 41 temperature
controlled at T7 to limit condensation of exhaust products, e.g., in the
range af wheut 125 40ebBOC or greater as convenient, and then into
pshumer unit g3, The BUTELAN axizes e At st QasR PIRRSIINA Lo ca

through high temperature combustion zorie 45 comprising, e.gf.,
COrAFES b BEOT PRI el ARF e kPl nvention by recovery of waste galitu

exhausted from the reaction chamber. A single embodiment of the invention can exhaust 30

m compounds

kg, or 60 kg, or more during (assuming approximately 30% waste) during a month of
sustained, high volume manufacturing. At current Ga prices, it 1s economical to recover this
30 waste Ga and recvcle it into GaCls precursor, thereby achieving effectively approximately 90
to 100% Ga efficiency.
Fig. 1 also schematically iliustrates a preferred embodiment of waste abatement
subsystem 3 that provides for gallium recovery and that can be readily adapted from

commercially availabie products. The stream exhausted from reaction chamber 25 passes
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5 stream then passes through tube 47 into countercurrent water scrubber
unit 49 where it moves in a countercurrent fashion with respect to water
stream 51. The water stream removes substantially all water soluble and
particulate components from the oxidized exhaust stream. The scrubbed
exhaust gas is then released from the system 57. The water stream with
the soluble and particulate materials passes to separator 59 10 where
PRIGHIRLe %(19%3? H’%Qe&t% %}%{}L\’CB Eéﬁgiﬁéﬁgﬁﬁé' ‘ﬂ%@@ggﬁéﬁ Qﬁ&ﬁét
are separate from t Water soluble components, primari y d|s

N nam@ican@aﬂ@lthes@pﬁra%@l&dﬁ e é@ﬁa%@“cﬁw‘l%ﬁéi/\?ﬁft‘é‘é}*ﬁﬂb%%&%dﬁm
as,setaanings filtgel eﬂmef:ﬁmf@g@&mml@gmatg@&sw%@lﬁerﬁhh&gm glen

embodiment of the inventio roduce 60{5 oru to 1201§ gw &a
tem eratPr% 8@ nzone 43 co rism son é 1Zed éxhaust
of particulate during eac fth- ofope tlon € parficu dfate

gadtiaam 11&@)115@@3 @mm@mémm@waﬁmh@ Gaidssabbenagedlsiere it moves

reﬁpy%ﬁ%a%%%kﬁ% NS RGec @R DKRAWN chemigal (RERRIRURR o
See, e.g., Barman. 2003, Gallium Trichloride, SYNLETT 2003, no. 15, p

2sysmEAl Tt SBIE B BB e RRE BREPESERY P75 r‘?ﬁﬂ%‘“’%ﬁ’é@ﬁﬁ‘ stream.
20THe RRibbd REBEmDB PARTHeUERRE MBODEMEsNT OF TIIE INVENTION

Next desggibed i ffe%dé,rmhtb epsr%%fg%ﬂaemngqMaee&tagm?%m&%%@pm%r 59

has been enera escribed above. This embodiment is based on the
mdd}ﬁ@dt?émhaﬁ a@ama%ﬁ BEEHLE PSICON B dRY e svdfars). are
epipsiatieactniroswAMdAmeriempiienAcsantingyistany ofie and HCL.
followin featur}gee are ns&%mfﬂ{c to tq referred EFg]{alrtlc%)elgtﬁlem dlm cenm gation
Howgveroﬂgat?'nese %a atures are no |mﬁ|ng Ythér partlcu r embodiments: ’
cafidseutriisedand sntsufficationg anoh ubipeatiohtbf wirrerayedmbledopiteiéal or up to
regeiqrs andareoMibinine. ¥500e Qfthenyenton- o figsagh: Cﬂ”é’ﬁ&[‘ﬁ&%iate gallium

aspects of GaCl3 dellverésystem |0lincluding reservoir 103, whic

hoﬂi“ﬁiﬁst%‘"‘%eﬁd%fc@éﬁfi WAPESH MATNERRET AR S RGERT S‘?‘H‘?’:‘%ﬁ’ﬁﬁ"&l&t& =&
tempeiatyrimofvu pitorad wehpprexifrately. 1B3&toud 20, &iatlismpphyhloride,

asEMB I SURDIY 33g Hngsovalves,a0d oRolE: LR YNGR PLYULE G om the

controlled mass flow of GaC13 to the reactor chamber while limiting or
preVélitihg GaCl3 condensation within the lines. The reservoir includes
internal means for enhancing evaporation of the liquid GaC13. In a
preferredr embodimantchesermslsieranyulibien: appavains as known in

the art; inalt rative - 6 ' e

physical ACAen S s g Iohra e el RS b b e
disperalipreneibgdirposnd s famﬂdr:rgnz@ nerstondi s dlsntipmiyd adaptation of
a(rjram:@mgom Q&lBé%M@Y%EBr%Q&a&Ba@?@&ISi 35 ANchdsRasitionedcordingly
adjacent to caonyentio rocess gas. control capinet 137. To limit

lena‘ﬁ%ﬂéf)% @1 &\?(%1% eatgresllarf:s% % i%‘é Ii)S P rre pmoshcu-[ar gm]b H1meljii However,

hE upply et als iohed adjacen

23thethesctiomres are not limiting. Other particular emboqupnts can he hased on modification

30

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

embodiment, these include a bubbier apparatus as known in the art; in alternative
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chamber, which here is hidden by cabinet 137. Process gas control
cabinet 137 includes, for example, gas control panel 139 and separate
portions 141 - 147 for additional process gases or liquids, such as a
Group Il metal organic compounds. Optionally, the supply line (or delivery
line) includes a coaxial portion having an inner line conveying the carrier
gas and the Group 10 IIl precursor and an enclosing coaxial line providing
an annylar space inside enclosing line. but outside the inner line.. The .
TR Gt G EOMESIS FATG ABER I D TG s PSR Prvine
sufipliqussdon iy 05 ddisporalddthit 1 Maldemd 67 farid- 109 control lines that
conduct eayrie! §as, L 48 SRYRILA 3wtliem traual; ey infeenal huhblasie: 135

the reservoir, and then out from the reservoir along with evaporated_ =
GatYSI 5 P68 tPREs AT oL Y R BTSSR TR SPRE d Hndf 8 4mit the
_fo rl&ng\lﬁdvel&mcfacsi\ﬁibatgﬁﬁhe:mmgimgsd th@ ﬁwt‘emcam;v&ﬁhe dmt.{emind
inlef values, gl ihg. eOIQE%H&gﬁ %ﬁ%%ﬁﬂeﬂ Rpargcular, %ﬁé‘g&t&‘?.@%‘?}?&@}ﬁ%‘? ERes, for

possibly occur in the pig-tail elements 111, 112, valve 110 is useful in

ordérItbIH Ry EHES PR A 30 EvHrBTaRthR EortAfHer [freSsandilipnal process gases or
conjnetiencwituthegoniralied olempaiaiipspithehidbier anduievlow (or delivery

rate of the carrier gas facilitates.impraved 20 determination of.precursor.

oW RS AU LV L F IS e EOvTaIEe o By By Cror

10 to é pevgedr withanon-corpsiviiehlifie pyasiivhen novler grewtirsde di, enclosing line
thesehyiiRauaiReheRRS Uk Qb rEaEPc%&QHQ%’a@iﬁ?Mé@iﬂﬂiem and
consequentlyimProving e(}#ipment ifetime, The assemb gsal,so includes

valves 111¢ 13 1R RERISHTHGVARB U 58pRE b g thisHgh YA Suppiye 107
Iin@nit_@ﬁ’&&éﬁbdmﬂd@ﬂqmmﬂimgeohtr@tlﬁbmﬁ- WM@QMB@impmai ‘f)ubbler in
m%@%@aﬁz&ﬁ{”&{%%{? [eSSHIG AveLdhe Falls %ﬁ%@%ﬁ&ré’%ﬂﬁ%@éﬂ%ﬁ% 1¥rfey can

mass flow controller 131 to provide a precisé flow of carrier gasto

15 GatePRidhtaRier oTHESBAUBEIS 6 ESntchedlaf drekibratbemragy of the
flowyekmatdk itoothrreacion ehambahel t alsondneldes Mestwigar, since

reguiators A2o and 141, Ig.s %%)f;i"ﬂt%ﬁa%:xen@ by 1‘9%?9.‘@%59?1%‘??8&!&1 in order
lines, valves, and ctontrollers. is enc o_ed in muﬁlple dluminum heating
blotksuirectarsirel 30 dorivi 0 BackisErsapk EMRPOABHENTIR altimirnpentrolled
blogks Rl cALNNGIBMREIAIUIS-SRNSOr thdRALEOBIEhSURRLY HRGoved
corér}gonent temperatures ﬁo that thPe temé)_e.ratu ei crea%s or at leas

i 15

20 4o HOT GETR 4SBT fBH e oiitput OF 1Pé’§‘e?{/‘éar YGp ihlBt BppReste delivery
reastrenclodmbercA wifastreatep isvpravide daovwieatthéniptetvgasddetiercby
Ga?_%'&’haﬂg %{)Mx%fgf%uy@eﬁl LSl 9&5‘%&’\@ éﬁgiﬁhﬁ%@ﬁtﬁﬁg&s&&mﬂy improving

Optionally, a purifier capable of removing moisture fromqthe carner\g&; _
doVWARB TN HEFE thah s s alssilfehdsspiavatiliht a EafurcgaET Y various
linezspaesfufther aeagiehgagfitemnds doywnstieamOfthiararsierofiasand transducer

25pu“1nﬁ)rio-r 1?1%1%%%'2? (r:ﬁaf %age?s%roe%%gp%gyG%%! : Lrllrtggevrv Itﬂls%m%sv%%? l1$ a mass flow
bends, e.g., pigtall fﬂ?o providing increased heat exchanBe surface
profirtaeetoi 31 to provide a precise flow of carrier gas to the GaCl; container. These act to

L9 4]

provide a controlled and calibrated mass flow of GaCls 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 biocks in clamshel}

30 form to enclose each component. The aluminum blocks also containing temperature sensors
that control supply line component temperatures so that the temperafure increases (6r at least
does not decrease) from the output of the reservoir up to the inlet of the reaction chamber. A
gas heater is provided 1o heat the inlet gas to the GaCl; source, preferably to a temperature of
at least 110°C.
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5 the carrier gas heater. Figs. 3A and 3B illustrate top views of a preferred
embodiment of the reaction chamber 201. This reaction chamber has
guartz wails and is generally shaped as an elongated rectangular box
structure with a greater width and lesser height. A number of quartz ridges
203 span transversely across the chamber walls and support the walls
especially when the 10 chamber is operated under vacuum. The reaction

chamberjs eneioserl i Sioud et dieels, Cgagn%ba'ft@e%%%er%gvat& 64 10 1o

chamber can contr to a temperature su stantia er than

th&wT thie SUSEE PR RTRIs IS RlRSEE 19 @rﬁ‘éﬁaﬁw@a@%@@mf‘ca%fﬁﬁéﬂf a carrier gas filter

ariangemenithathcanhe onenadeasiitdsinihese fawesstonenpeseithfed with
reactlondclpgm er. Visible rﬁ;efare thve Ion er Sld 295 nd thet 207 o
of the*Shroua’ usﬁéﬁ%mﬁ (nortp\g?s%illé}“ HIE ravx%g eﬁ’(%l er?e(c’lxmae ©

withéreaheergachonteThe susceptor is heated by quartz Iamps which are

arranged:;jnte twaartaysehrarleliamps pLpRekiamp aray ¢0RdsMisible
in the top of the shroud; a lower array is hidden below the reaction

cheltfBEF: BBriohs SrEHerFteRRA AR Vidibted Fgemselin dipatd gypn clongated
Iongltmgnm orassgectiontthrauglepaidibulad preterrechteactionbehdmber. ridges

30 b%ﬁ% %%é%[é&é?d!gmee&iﬁ&%ﬁép%%?:* 'H‘éﬁé{a%ﬁ?%@%f Sily %5‘881% Ete% the

ttogﬁlguartz wall 305 an one quartz side wa uartz

f|aﬁ§@l§&r38§é§r§tﬂ4 FEP BB tHS Fescion it arababe crs! i il e tshiaiiftrg directs
strugilifrgsirandgetarz ﬂx@@@&rﬁ)@&&@@a}h@eQ@H@bll@ﬂ‘%@ﬁ%éﬁ@ﬁﬁ@ﬂbmmﬁa&
e e AR el AL S
processes gases, calrier gases, an fbrl%ﬁ %% ﬁpI‘OVI es
exitaofrexinaust gasésin Thge ﬁgsn@pi@ Fisqge m@raﬁﬂ},@m@nw inVisibie here are the

segkelrGilar ABeRing 34 ﬁ?]%ﬁﬁé@ﬁ@@dsﬁ@%f& zﬁa%g{mlwﬁhl{ﬁ%rawmg) is
top of quartz shelf 317. Thereby a substantially smooth surface is

13 ordoshingd i P dbsiyied E%fé?fﬁ@t?ffdﬁl?ﬁ@%éﬂm&ﬁ O SYRich Fsaaanesd
thahthese gasesicamidssnacrdsspdhietppohil @S issceiptoinvithontof the shroud: a

begoming VR UaRL RGN AVERGAHNESL the, SHFESPIRE 1Y 'JEE?&&%?A are visible.

quartz tube 321 provides for a susceptor support shaft on which the
susce ptoF‘éaﬁ ﬁf@t%a\}%&’é‘&%’&ﬁﬁ SKPSTATFJarethBE fjechegferred reaction
threngtitaisotube denftig thevelumaShddnder Massusdeptento praxant wall 303,

de d,zones wher ce ases.can ac I artlcul

of at8T3 uar}fer tﬁ ?(?1 gd"g ﬂscep%%)drel\sw Tﬁ%gl?el‘}da{?he |n et amfo? !ﬁe et end of
strifsires i pReviRiebpr STES S seas e G Both potti8at. Adss|tOsalsdhe outlet
329nHses eschhRAMEBEA first @lﬂawhagﬁaﬁzsm@aé;apm@ﬂy%@mr entry of

into flattened funnel 325 whic aII es to, read tr svers

(tralPSVEFER A5 PrGeBS s B9 PoRCh b EARY ) ﬁ%ﬁ@’lfﬁf%ﬁ%f‘ gases.
opéirs fntocther liwa@:{tith@qmmtf(dnmmwuhr@m@h@ 319 so that its top surface is

trapsyersearRaNgedslonin shelt 317 Witk referenca 4o Kt &y edunnehesentea
is compactly filled W|th beads of silicon carbide
10 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 fube to purge the voiume
under the susceptor to prevent dead zones where process gases can accumulate. In particular,
~ build up of GaCls under the heated susceptor is limited.
The inlet manifold structures provide process gases through both port 315 and slit-like
port 329. Gases reach port 329 first though quartz tube 323; this tube opens into flattened

funnel 325 which allows gases to spread transversely (tfransverse to process gas flow in the

Z28 -



607 and a silicon carbide insert 327 in the top of the flattened funnel
provides slit-like port 5 329 for entry of GaClI3 from funnel 325 into the
reaction chamber. Two IR spot lamps 601 and their reflector optics are
located on each side of the funnel. A quartz sheath 603 containing a
thermocouple 605 is inserted through the bottom of the quartz tube 323 up
to about the middle of the funnel height in the middle of the SiC beads in
order o pARIL S1a5e A90m SPRIOLA IS SO AMPARW LR FRANGIBHhe
SIiC beads at a terjﬁ”éperature of about 800C. Preferably, 10 GaCl3 is

introdtest R RIgR 8254 d NH3 is introduced through port 315.
Alternativ&iymféﬁﬁiB eatcbe, thtratcieied dbraiaghnatite Slblanddy bi3itiasnberbide
Ing(glp elflr%e 29 HP(EQI%’I 92{11 i ertm%gg 3ﬁ|}§ {Qa]frgnveggaenfﬁtlt:eﬁ%q M3y t%%%&@s@%ﬁ? port
knowh In‘the art in a Iower portion of tube 23 50 that the NH3 can be

5 activdiedibyy WicCefdatiom Gt s oF mdidalsaniietshavbdy, Sumé spaliass 601 and
;hﬁ'a&uzé)&slggﬂrg)%tf@a@%g%ga%ﬁ Mzggdﬁ@agwﬁ the fﬁiﬁg@&@myqa&imtel@mw%gﬁmng a
ield. i xtension plate IS dispos etween, the slit por .
AP B e GORERRRSNTHIE ‘S SRS A ARL e oA By the il

mafnﬂaéautiwgﬂa'mp@t@@m tidtetRe” dienes doedenot enebbraioss thepgastrol of the

gﬁﬁ@@ﬁé%%%%&ﬁzym@%@@e%m@va&gi%a&&gt%m dGPeRIUEy,

he SiC’extension plate should be above 700C and preferably above
10 g0 Fignuraruesddteaugioiag sRamp e itialvayndyerryatietiar prefaivagtively.
reagtionéiramsigro2Q &haraber mssenbhi cormtising waigidansieeh port 329.
chamber 4Q1 as mated to reaction chamber assembly 403. A
LA H A RS LG gLl MBNMh T i D A g of b 323
ideifieaNbitivis hgurd with thidhsaretipafefermseontidibdss ARraniplely some or all of

trapstepchamber 4014 Rovsema KRNt Wiy BernRuliwand saneratber A sic

means (not illustrated) for transferring substrates from the outside of the

{ 1 h ‘
13 sySHAPIIRG e TehtOiP eI PSF EHAORP e’ ré4BH SEERAMBEP BRIk This
to fhe eutsitle: finanisfenclambens:oh bthenglesigns canetused finkisioes not

invr%fbmnmegssﬁﬁ&%mmﬁé asspmbly.instides e mgg&h PR30 ture of

mounted withih shroud 405. lllustrated here are portions of bottom wa

40thah farwaiposofipd ki sbey THE S RrdudcserbEsafy tobiiliEt cooling
air over thg reactionichambehioyeaintadn asetroletwel §@ferred reaction/transfer

temperature. Certain reaction chamber structures have already been .
20 SRS RSN o B ot oA SO g AL 3, S A6 e dgpon

masiifoltrshelfuBly74 Susteptore? 16 dndve piadricaficule Batifodsudegptomd 3 are
SU@&%ﬂf?eﬂ%%ﬁ%@%ﬁﬁ%&l@%f&&ﬁéﬁ@%@&%@fﬁ%éﬁﬁiﬂ%%ﬁl{ﬁ&ﬂ%ber 401

opening 319 in rounded plate 409 which provides lateral stability to the .
SUSCHRRDF 1098 At S ERNARS it S AN SIS (BB BHESH pAfE a3 4
slitsilse peEt 220 ihEhenplanarihy ofsthe secchmpanientshendaresddismaetieaction
25 923 JNIBMI0S as DIeL 19.M1e:SUACRRIAL PUHEL ani{olg) UUAIH RS
inclide plenum 407 which conducts exhaust gases from the reaction
mvention.
The reaction chamber assembly includes reaction chamber 301 mounted within shroud
405. Tlustrated here are portions of bottom wall 407 and far wall 205 of the shroud. The
shroud serves to conduct cooling air over the reaction chamber to maintain a controlied wall
30 temperature. Certain reaction chamber structures have already been described including:
bottom wall 303, side wall 307, flange 309 to outiet manifold, shelf 317, susceptor 215, and
cylindrical tube 321 for susceptor support and optional purge gas flow. The susceptor rotates

in a circular opening 319 in rounded plate 409 which provides lateral stability to the susceptor



chamber in the indicated directions and into exhaust line 419. The outlet
manifold and flange 5 309 on the reaction chamber are sealed together
with, e.g., a gasket or O-ring (not illustrated) made from temperature and
chlorine resistant materials. Inlet manifold structures (as this term is used
herein) are illustrated within dashed box 411. Plenum 211, described
below, is sealed to the front flange of the reaction chamber with a gasket

oranrEno%g{lo m'l!&félt 601 dhe like mads from *%H&%%ﬁ%%&p%@hl@ﬁmmmy of

resistant aterl als. Gate valve 413 between the transfer chamber and

thEPEAOTTIRE ABRE Fotaeeo R &Ny B N AT d) Tb 1D P P S FREZ a GBSt
bQﬁé’zﬁﬁMh&&Wﬁb@hﬂm&Eﬁ&n&ﬂmcm mtasd@e&wisex&w@ﬁ)s feoalaberandon
Segllar%? Ip a?ﬁe 1?&?{% 1re %%E:\EILV %akt]c?' o er%t iThe ivalv%(fan b%ﬂ%i and flange

against ace means O e.g.,a gas et or O-rin
5 préfemwethemenetiial ¢bmfwé @fxﬁq@l@é westBemdthscthar ﬁ?émmﬁédrmgdvet fgpstrated)

otherO:HRdsyIhsgatgyalveReaterablyriaalsg. provides ports for gas
entry as described below. Thiastructure of the lower as inlet, a

previoudy AR THEITSB L A AR S KA RS e deed box
furnel BRbwand iskipslikbepde 3295 Figebtil Ustriatesitetails dftivepantidalaber with a

prg& E?S'r'ﬁ'%ﬁ@@{f éat;g&)tuf%%zg Hhalr RrARgemantin e I6AGIR stant

ch am er assem Structures which have been previously 20 identified in
10 Figratgriglsg @isrefieAtfiBe v ih %?u@%ﬂ%%ﬁﬁ?%‘?%&‘?é@?@ﬁ%é%%é?&am
CQdeId@i’éElgifwﬁ{vléﬁﬁ)swrﬁgbmdﬂi@sﬁgaﬁtﬁ@ﬁ@h&mb&f@ﬁm@lyndaaﬁﬂmnbcszse

mber |nclud|n shroud .40 ctlo cha
ffg}? W(ﬁﬁ ea¥t sea the gb elween tﬁ lts 4% ¢1s. %v% v% %nbe

t e ranster er structures are a )
sm@ét@am@@ﬁ@@wt@p%rnmm%m@ maiégmgr&éwglﬁéqwfﬁ@aéﬂwerlai for

chapbes, Quarizflangeddl 3ol ibereastion coamtrerisyrord.a@ainst preferably
plenum 25 structur §)211 by exte SIO 1 ofs oud 405. T er action

13 Ch B YA By e SR AT Sealde By g ety it 2
Whmkmsuvlsmﬂmm@tosslgk@twmmnﬂm&ngmmp@ﬁﬂaﬁ&s‘iide]qhg}S and shit-
noWk 1L{]&ggstructure leading through slit-like port 329 for GaCl3
(prefera Ff\{gnbm optionally, NH3 instead). It is comprised of a quartz tube

323, andfnndissstesddnit f B BRI HRIRy Hemehiod btukhipgtures and their

traagueisabytse thaticape nkatko sssengignificantdractibnoitfebbot tonvivall
20 “aem?aﬁﬂg% Cgam bex ém%h{@@adfx arSPAlluReS2rARY 2, &f Rmbers.

porous so? ent materia unne 25 Insert 327 fits into the

upﬁ@ﬂ@é@m& &Sttt sUfTpdi AL des IRt AR PHB - 30T HRACIs B aembly 403,

towaedsithasuecaptomnwithannxension plagat?e@@xéhamnya@me cﬁﬁaﬁﬁr
between thi(susce tor anlg tige slit- Ilkg port In -30 0 on G

Br are al th usce nd susce to xzui telﬁ)é are inSIde the
Optlc’ H%tfl&érrler asesf vVes u d“m fhe sup Eﬁcﬁ
tramsacssediaintthe finarelflans @hn@@t@@abth e@mhmmdrﬁ@tm plenum

25 reagfign,cham 9? E@BEkion 501 of shroud 405. The reaction chamber flange and plenum
structure are sealed by O-ring gasket 503 which is visible in cross-section on both sides of
port 315,

Considering now the inlet structure leading through slit-iike port 329 for GaCls

(preferably, but optionally, NH; instead). It is comprised of a quartz tube 323, and funnel 325

30 thatis longitudinally flattened but extended transversely so that it opens across a significant
fraction of the bottom wall of the reaction chamber. Small beads or small tubes or any form
of a porous IR absorbent material fill the funnel 325. Insert 327 fits into the upper opening of
the funnel and includes slit-like port 329 that is angled towards the susceptor with an

extension plate 333 that covers the space between the susceptor and the slit-like port. in
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towards the susceptor. Thereby, GaC13 moves from port 329 towards
susceptor 215 in a laminar flow substantially uniform across the width of
the reaction chamber. 5 Considering now inlet structures leading through
port 315, these structures include plenum structure 211, face plate 415,
and gate valve 413. NH3 (preferably, but optionally, GacCl3 instead) vapor
is introduced into the plenum structure through supply line 517 and

p%%%?ﬁg&%%ﬁ&&&&ﬂ%q?a%{&%@?rﬁt;@gy her hrqugh gGﬁpM?gpﬁgads

vertical tubes 51 3 vapor then exits the vertical tubes, oroptiona
thFBaEErst b e BEsh WHIKTeLER o Vi ieeards BaY éhﬁﬁ%fﬂ‘*‘EB"acEf’r‘&gﬁ and
ofehigtrifauke dup@fitr amdepass emaraunddipdil baf the plenamusihesed)s in a
N3 vapar moves fouards e suscep(or .2 Jaminar aw substantially
unitorm across the width of the reaction cﬁam er. Flow ﬂwoug each

vertical ttpsikdennol éeldyacsspakatngaieusiertianiSniBOosHIEIofH i de
ar%l?%ﬁ%_@ﬁl&h%ﬁ@ﬁ@@@@&@ 4T|é;,|%r_p.1! Bl rvanGég ! ﬁgéﬁ@ﬁﬂ&%ﬂ&?ﬁf@ﬁm optionally,
conducting temperature-cqontrql fluids, e.g., GA . Tul vin

oA CRE A GE SO A b BT B U GPPRR A (3
passes dre/nmaiitaimeds withtadi aboveddsonibatictemperative narges:s 519.
ang$0, Hhat RENUIM SHUCHIE: ABIRCENHRLiNGg A5 S -MAUPIHNRI NI each

the operational range for the sealingc}; materials used in the O-ring. As

not&Hichh &P STEREE MR TP ERYRYS A7E Rasve A M mintidheglenum-
aboneder, stherLoringsesiempeay aie reseantiolie DenhOb fiowisdbleaf@ially uniform
correspanding 20.tube is also,visible below port.315) adj centto. -1n lled by
o S L e e D ot b

rerramEvithinTechperatidialtahyeic arorsvaly slhgwiltabeoligpplenum also

includies cndebesRhgaminiehReEs:51omas welkias, serindioNso ke tiring
reaction and transfer %a bers. It is op%ane_d and clo e%toh%%de
cohﬁ%i’éﬁ%@c‘é’é‘g‘ﬁ? SrEFS M SUBL TS BENSER hE trAnSteP ChE s

amber
anchthearegictivhiPhchiambdesthiougenporeBdbralters dlubtretted ikl ogedure

Pogition iPyBiah ki sealed fRifRasyRlAte S d By Qikingne0 for R PLEIB EEHaterials

embodiments, gas inlet ports 515 are used to inject furge,gases, e.g.,
N2USPRENGAE S S54e, WhitH Berbrateimder Hest g Bdbesporbiiea

of thawgate walve ffanchee action: chambeaenarnd:sparser sithevetisitral corresponding
portions of the gat lve (g r ' amber)..ar S| . .
I B T B B 1 e bl agaon s s
gaseyedanes) s 48 s ife Sredptor Gy ansraistthEss curtain

along thecsigde.awalls idhechambendaaee veninbaGlB.gamitoparlowing well as
underneath the susceptor to ayoid undesired deposition of GaN in this .

e RS A e e e S R R
masifotollahdeport ftidturesdcobperiate torprovidaranprociesigrasfibtictirastion

is systantialvdaminan €hus a3l rwendanddhat ismsuhstantially o face

uniform in velocity and compaosition. The_substantiallly N .
plate 415 by O-ring 507, In preferred embodiments, gas infet ports 515 are used to inject

purge gases, e.g., No. Their size and spacing, which here is denser near the edge portions of
the gate valve (and reaction chamber) and sparser at the central portions of the gate valve (and
reaction chamber), are designed to improve the uniformity in composition and velocity of the
process gases as they flow across the susceptor and build a purge gas curtain along the side
walls of the chamber to prevent GaCls gas from flowing underneath the susceptor to avoid
undesired deposition of GaN in this location.

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

structures cooperate 1o provide a process gas flow that is substantially laminar (thus non-
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laminar and uniform flow should extend longitudinally up to and over the
susceptor and transversely across the reaction chamber (or at least

across the surface of the susceptor). Preferably, process gas flows in the
reaction chamber are uniform in velocity and composition 5 across the
chamber to at least 5%, or more preferably 2% or 1 %. Composition
uniformity means uniformity of the IlI/V ratio (i.e., GaCI3/NH3 ratio). This

S AU SSSIAING BRI 050 GRODIL ARSI IS, Bl
alreaay a proxmate‘lly uniform tflow o proces% gases roug% the reaction
cHamibaraghinideso e shantsryiing \seredinaljer fordowafie fisguer fpd

causgJhe-anprexdmatelyimitormiloveiahecome lere asinghoanifaimtea0r),
Cantrol of flow downsjream from the su cgg&or IS less important
N

ST TR ST of RS A S M o P DA e P gpmposition
enboglinhe nbainhsr tetetenin 8th.copreferredepior 8$s gduinfetpersition uniformity
copfigiratipn ey thabasbsiaiatialy yndormaiionds ripduced-GUigelings,

for total process gas flow rates are established according to the selected
GARPERPE S ARCERAATIRL RIS AR NS 5P I IR EIatIS i pigrm flow of
hi@lmﬂaggg@apﬂﬁg@ome mﬁamnmamm;hkmﬂmsmommui@ﬁmg geligielinegection of
insert 22,20 oL 333 e ReER. deRIBNEthaR WS odelRd GAfd gt

int%altﬁ%r gg.%stlon C am%ep IS substantia Yy u‘nl orm across the reaction
chamber oAfsyY AedaaleRincTIREMIBECEHTIS HevaRad Mdicated that after

the NH3wRR-EMBIRESAIOMRGlBLldiniadhe Feaetan ehambesHalismbodiment
flo%ﬁal 0 beco&‘nes tsubgtantiallyyunif [m acros thet.reactit 1QtCh%QPe{ihllv uniform
FuPESEFVBRASS BB AR HEControned 1020 Amerorate non-uniformities -

thetaway raride duringdeiperafiono Eumthesss gaidéorbytenareeritaliiod etingling to the
secgodansaRiieldas lsiadavaneanaddad: o iRReassihe MM oughput

of the primary-process %‘;?ses flows. For example, in the partic,ulqa,)r
préfTREEESHITHGR, TeraS Bat T fSURY IS U of piide jasehave been
throsigihgbie alveddt3 (proyitles imprbyermeihbyiqbuantingtantially vniform across

ac uer@yéatii&nnc ighﬂ,a@rll: dﬁg&%{l} alignsQf GRGA 3 aPaL 2P RS RS- thE A% me

of gate valve 41 ip Si'i (i.e., the regions enclosed by facecéliite 415).
AlSSHit aersasrese arunthit akldntiNy frstorprovrietrdiaure e yss
flowsgtiiheadgaseh thateaction-chasbabandlesserplveg s @asilowcadtrolied to

the ceﬁlter also impgroves u&ifg[)rmity of gomgositiop and velocity of flow at
ameliorate non-unljo ities thal ay S¢ guring, operation.
the suscep?or And Detter mamtains the reactiv gas above the surface of

the susceptohe3QuERANMPLE:TI Hrdshuorssonowycompagetinel have been added

stapdardQr canvigptional WP E-systepde sillustiate the rdvantiage s:and particalar
unexpected benefits that are provided when conguctin HVM of -gz Gro%)e 413

PSSR ETREEHPang 7S ThYRHTOR PHBR o SBHiRgHorth tHge" £t v

compaiikemanaviayent 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).
Also, it has been found that arranging inlets to provide greater carrier gas flow at the edges of
the reaction chamber and lesser purge gas flow at the center also improves uniformity of
composition and velocity of flow at the susceptor and better maintains the reactive gas above

the surface of the susceptor.

30

EXAMPLE
The invention 1s now compared to a standard or conventional HVPE system to

iHustrate the advantages and unexpected benefits that are provided when conducting HVM of
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way of introduction, conventional HVPE systems are first briefly described

in relevant pan. A conventional HVPE system consists of a hot-wall tube
furnace usually fabricated of quartz. The Group Ill precursor is formed

in-situ in the reactor by flowing HCI over a boat 5 holding the Group Il

metal in a liquid form. The Group V precursor is supplied from external

storage, e.g., a high pressure cylinder. Conventional HVPE has been

used for owt of arsenide, phosphide and nitride semiconductors.

For the' I}r?)‘\%//v aaﬂcofl{ﬂis ro%l}<JOI sxghrcel%s ftolca %T}P o C4T1- S and by
qumzﬁ@@tc(drmhomm@fwm@omwé%mt@mme@a@b)ueéhdicmﬂ@mm pzlvvant part.

source isUSHAIY AMMPRE 9%k QIAMOLE A8tk . AUAHZLIURC SAN Bricated of
oriented %ther vertically or horizontally. The  surrounding furnace is

usBERFof 45 SERRVE Wﬁ@fxﬁfﬁsafpraﬁét%ufémsfam DO YN hpver a boat
5 maiokdinng e ibupaktl inetilaitlddem pératimeraborecitsmaltagppalitom exiernal
ang ths other for maintaining e Sé&%é%&%%%@ﬁ%?ﬁ ﬁa%%féé%@kvf!sugﬁe rowth of

temperature for?g?amal growth. The Group lll-metal source equipmen

inGHAMEE aPBORPIOT M EFSEH RPIABIRESthEC1 e arssttad/ e fisdiarsp 11 source

and; g@&tﬁlﬂetﬁo&l@ plagedsant asangad vinieneendiobibe Quarz AUMAGR the
the\/ot er eelr);ql1 serves fo for exhaustlng reaction by-products. All this
equrﬁ)ent or at least thm%w(i'nc?henters the furnace tube) must be
10 fabricatedhaneadrtatl stwinlese sleetanbmoibucdsiter KMostibaptbesizontally, The
Pragess:Any ARewalekalie &u‘@%@ggyp%@n@ﬂpapr@g@% MPLIRIEWRIRES one for
must . be. ah@}%ed in a reactor so that the surfaces of all wafers are

dirBRIS TS G a5 REW T 2 S0 RIS RN LT R Befodiths pther for
Waferstarmlg)‘adedvbgaﬁfsmﬁda@nagmmﬁm i gulsstrate suppontiaamditherwth. The
by gasi ?ﬂ'ﬂ&z&ﬂ%&h‘?@&ﬁ%é&é%&%ﬁ into @J;k%rtﬁm&%@&%%mamhe

quartz furnace tube. Wafers are unloaded by removing the support from

15 théﬁ&ﬁﬁa@éW&#a bl ganie arans Blﬁcmﬂeagé. pstEcTREIhsRhahianderz fumace
posiiieningdther subsiratefsuppaiieOrepushyplldiags. mushalseuben: (or at least

o AT SR R R ML Ot s s
poditRshIAgs 1e1e EFReRIS AN I 0RY wefwgm @ﬁ@dﬂiﬂfm@%lalwemtqeh%{@rpt@l bafers must
witBegieateans inaQrdarstopiene Mdnemakdamage.s e Sraaking 6f theoas fiow in
Wafe fers and/ rsubsI ate § gort Also, the reactor tube itself can be
expos‘:"eomtca)walllrﬁ"V urlng vatey &%lng and unloading. 30 Such conventional

HVPE red¥tdes arelnoieddpdivie dding Sastainedvhightvelpnoe: and then by posxtion‘mg
mapifa@iuERo Bt s RES R WP RE Y. ANELAYSIGMS ORUHSs are

invention for a number of reasons. One reason is that the reactors of this

invERIBACAERILITE IS 0T R AR SR S T E s a9 the support.
corientiectahk4v RE seactoishecausedheyman hayve: cansidBrablydewsko be

"theE’% r?e%s%eg%ar% Et‘n%er%%“%rsa?sfotg'? JOVEntion. only; t%%lsus GERIOS pported
trate/wafer support) needs to b eated an %It is heate ]l%)
rapmdhﬁg;q]:@trg}ﬁ ppport, and the posxtmnzm mechanism must be p@sztloned in the usually

hot reactor tube with great care in order to prevent thermal damage, e.g., cracking of the

wafers and/or substrate support. Also, the reactor tube itself can be exposed to air during
wafer loading and unloading.

30 Such conventional HVPE reactors are not capable of the sustained high volume
manufacturing that is possibie 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

.
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Heating and cooling can thus be rapid. However, in conventional HYPE
reactors, the resistive furnace can require prolonged heating and
(especially) cooling times, up to several to tens of hours. During such
prolonged heating and cooling times, this system is idle, and wafer 5
production, reactor cleaning, system maintenance, and the like must be
delayed. Furthermore, despite risks of thermal damage, wafers are

usuallv.placed i0.andiemnaved.iramthereacton-wheryitisiNeatonenatings,

temperatures to avoid further heating and cooling delays. Faor these .
reACHINE WHLCSHLRSTAY ST PR BINE IR ERTH AR AENCVETigRethe resistive
thfeughpuisrtianeqatioapnveatiogahdH ¥ ipkcsybtemslidiAngthetorgasoh to tens of

Imiing Be MhroNghRuk RLEARERIANALEINES R AMS ISdhAl SHEMnd water
systems reqguire considerably mare reactor cleaning that do the reactors of
thiSIANEsRoFradBs CHUBB @ ITTFts Rt BEHPEhak b %@ﬁth&ﬁ&i%@fb@mbmm

reaalars e beatephvdheexiemsal aresistive flunace aHd-¥moateriaheai reactor
grow throughout the. inside of the reactar, 2

wnen .t ar.operating temperatiires i void I;}gerp?lt OtQ.'llya%g Ct(,)rg) Sﬁu(%)e E{rast or these
whErE it 1§ BesitBg  Sich Undesired deposits mustberequently cleane
fromasthve. 15 rysictos Ddabstheleyidhin forntustaandiirkdsahigoughputs than can

coRjaminatesinalerssilganing requires time during which the reactor is
not productive. Also, the Group lll precursor is inefficie %gﬁied' most}'gat such

: ff
depositedSIPMREHEABEBREANS RISREBPL FRA SoLTRHY
theysmbﬁtraqeiwafmgiaaﬂﬁﬁmw gaddittieoimothet dppearziortioé ths'aai:tmntion.
exaéc%%gff!mﬁaﬁem' (?agageﬂﬁgng%QJ&{ﬁm@f\}&%&Mpa}é RLGCHAS OIS 2R rmal

also Inefficiently used, and excess can react with unused HCI to form

chievidiss ferepcn gl matrripl camaep s e ey areids a6A saudnot fgsonly on
reactianaanewsueh chienide drppsiigsnist dajsaibencieanadsframtbiganed from the
reaCtgtr' Inr ce:gnttli'xae%t' thforeafﬁ;[s %.Sl’i(? %gllclsb I‘?Q?gl% tic%?ng alg:xe Ee@%%{? t Baning requires
controfied walis €6 that Ttte o ho undesire grovv?h of éroup M- & 1ed
matexialugoerbicRéactersoists imdtivn can be 25 more productive

since unyRgugtive &g aning.ard:nairiepRAEe fitherneanskepshniian M interior of
need not be as fg;\]/qglrjent, or both. Fgr these reasons ﬁlso, éhe s&/ste s and
v S

meBiSERESFARIAN BRGSO EARPARE 08 Mg REHio JGHp Gt it e 4Rd 1itie or none
conypationahthREsystemsybanctieizhe hs orrlichitifier thesthBudhpub 6f precursor is

20 conyentional HRE  systemsarethat theircanventional igterpabGas .o, NHLCD

sources require recharging (with liquid Ga or other Group |ll metal) 3 _
COMHHETABR IHOPE FRY HERPIHAMTGRIIE B SATHPEA SoLTReseBofg deposits must
invessien ofdhis inventiasatwhich are recharged with the Ga precursor

e T

sustalinetnearadesipetosapproxifrately 200 opgFreatiscificd fhe invention can be

capasitpRfathe extenalsouias iscnahiinited Ry fRAGIer 98RMEAY Ve Enealr, or need

be g&fﬁg ie?sn rggﬂer;ﬁfﬂy bgt%yngrrtl{eBsg reasons also, the systems and methods of this invention
can achieve higher throughputs that can conventional HVPE systems.

Another reason limiting the throughput of conventional HVPE systems are that their
conventional internal Ga sources require recharging (with liquid Ga or other Group [Il metal)
considerablv more frequentiv than do the external Ga sources of this invention of this
invention {which are recharged with the Ga precursor GaCls). The external source of this
invention delivers a flow of Ga precursor that can be controlied 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
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weeks of sustained production. For example, an external source can store
up to many tens of kilograms of Ga, e.g., approximately 60 kg, and
multiple sources can be operated in series for essentially unlimited
sustained production. In conventional HVPE systems, the Ga source has
a strictly limited capacity. Since 5 the source must fit inside the reactor
and can be no larger than the reactor itself, it is believed that an upper

iQILQ BrCORYRRH QR SOMICR 5 éﬁaﬁﬁﬁ'@%%ﬁg&& Qe U B XARRIG S Ay tens of
%élﬁf Ga, a boat of approximat 5%’7)(7)(20 cm filled with liquid Ga 4 cm
d Y

Wd’é {HE0lS- S RSP c@&%&?@ﬁl%%ﬂfﬁéﬁ?&ﬁ?@%@ﬂﬂ%Se”es for
bmﬁﬁw}dlmlﬂﬁ&@smmtdlﬁwdbat&he rate and composition of the source

cannot b wel SNIPURT DSCAYRe (1908 BIECHISOL(GACH A JOITETinee

in situ by passmg over Iquid Ga In the Ga source |ns
5 théereatorrhBtafidefey Brignbaetisns @@@éﬁ@ém%ﬁm%a@tﬁﬁt s believed

gepmainpaadisxastasesstoRsliHeNS iQGmdhe temneiatktesihite, for 3 ke of
o) rce zone and varlo s effi lue /0 o oyer 90% have

bedh T8 EPEHR L}I o»rgé; 258 ﬁtﬁ}/f\t{a%gl 0 httggtﬁaga Jecredsss BRdtasthe
Gdistenue dges; aHerﬂuQrEolt(@tat@t totthaadefposiion @@nelnalrrﬁ\mw avehurther the
W'ﬁ't@aﬁ@ @&%&ﬁ&?&%ﬁé&&@@gﬁt@&%w t'@@&@g{ﬁ;ﬁsﬁé@@@@m @g precursor (GaCh

systems and methods of this invention can achieve C(?‘her throughputs

10 it BRSSO AT 9 B LBV R P b G g mside the
th Ii@&tgditpllﬂﬂfeﬂﬁn’iwtnfnﬁtls YR EnSy stemsléaithain heretotorerthginnd exact process

§D g 9” I3 NRL & ?ﬁg&gﬁ%ﬁ%@%%&f%%}é%@ ﬁ#%‘i%’@ﬁaar%&fﬂ%ﬁhes from 60% to

yd§S|gne for specific users. Lack of

st&ﬁaa?@tzaﬁ%b%adw%rw%m &s Sisir el @ichrialetramienancde Ga
B%@t&egeﬁml@amﬂﬁa@ampwde @@M@& an: &a%meuarmaomaaantgmwss

that a e d|ff| work with su reactors t m|n
COn 1t10 s t ese reason ’iso s v tion can, achleve
dlsassem le'ahd feassemb cu ar oup source zone i

inthigate Geitgbortaing C@S@pmterqhﬁﬁfﬁﬂétthHCI a quartz boat
positioneg agiacent:toithei G dHeluahsenaralavalams imMatdar s Gronn

V precursor (which must be ke ts arate from the Group Il 25

prefEIOEHE Wit SOPURKING SAITERAFGiFaARide %?‘é%&ﬁ?éteﬁﬁf‘"tﬁﬁen
contdastiutie dystendsahtibrivettiblls gkthe:presentdoivehtioni andtoie dgraatto, for

20 ex%%%agwj Ry c%kt&@gggaﬂﬂg]%@ déé@éé@@th%?%%ﬂﬁéﬁ‘éﬁ%ﬁi@ éﬁptex and fragile

processing, which have been Eﬁftlmlzed for efficient operation and

meRtER aﬂ@é%ﬁ’é‘%%ﬁ&ﬁr‘?r?éfﬁ 1¢o Fﬁ?ﬂe%?ﬁtlﬁuﬁ\’/a?fiéﬁtég étfn‘tﬁt?rf@ﬁ%m't‘—"%ﬁf to
examplentkle aﬁkﬂf&@dk@{wemlﬁﬁd@[&b%mﬁmﬂmwﬁ@& atﬁd’ﬁkiﬁﬁidlbﬁeufﬁﬁcomains
zone Wlth ate v Gro urs lenu

S B B R Sreparare

to apatr dnel o 8. GredrterGeotpr [ vpiécmso Py keiLisppand: et tt@r@faneﬂl

25 considerably.lessiraaie aﬁaﬁthasaﬂaeﬁqa&ala%tha systameAd:, the systems and
methods, of this invention can achieve h':g!]x%g rtthdgapg puts that can

co ﬁ?f’é}ﬁ?ﬂfﬁ) | Wﬁ?ﬁegy%emgon@ge ioagrea ations of teste 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 inciudes a Group Ul source zone with a gate valve and Group
30 I precursor plenum and inlet ports partially fabricated from metal. The gate vaive requires
only a short time to open and close, and the Group III precursor pienum 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 svstems.
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The qualitative design choices that differentiate systems of this invention
from conventional HYPE 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 5 Tables 1, 2, and 3. which
compare a conventional HYPE system designed to handle one 100 mm

diameteﬁ&'@ﬁfﬁ@v@ﬁ@sl@ﬁ%@% deastoRivhe %@Q@&%Q%ﬁw from

diameter and about 200 c¢m in length with a carresponding system of this
in&%%“c?&ﬂoé%ﬁEYc]’éfriﬁét‘FFF?tlé"’@ﬁiE\%ﬂ?@sﬁtﬁ&?ﬁflﬁf‘b‘(ﬁ%ﬁﬁgé‘h%l?é%{“ﬁ%émw‘h
daaﬁﬁé@iﬂaj erdacde rmtﬂ‘rmst:re}te dinbitvbifie M&&kﬁy&t@ms efidhiseinwenticitiadnn
_?%g%‘i&%@l@&a'?%@%%ﬁh %Hﬁﬁﬁaﬂvglé’e&@fﬂ\é%?é:%?é\@(E’é;ro%y&&&@&re data in

E 1 - Epitaxial growth efficiencies Epitaxial growth efficiencies

5 cdrbntiohamd P EEhAOMPEERR FORTRIOAMA AN R sreted dpsiensd éprhamstigmne 100
Reastariengthuem 20 Reatiandawmetarapt 20atdot Zoaea 18 agAema40 fhout 200

wafers r;c%e%s%d simultangousslytl Ij gﬁgztor vgr%)duction times - wafer
lo&a/unload time %’?J(TVSEPS Yate cmimin 2 Tota np{ﬂ? and push length cm

160 0 Tospglizmdrpashisimterriselzryvahertisdtiriohd drremixde.5

2 Jotaldeadinleadime JiRB9%:0:3: s PreralinnavertertidadO %O icient than

Total load/unload time in cont. operation min 52.0 2.2 - epitaxial growth

10 i8R T8 SHOWFEVRISTte min 0 0 Growth rate (um n) 200 (3.3) 200
(3.3) Layer thickness um 300 300 Time to heat and cool min 0 6 Time to
grow layer min 90 90 OpaRitbn oVekesirl gsardtoelBigncies

Epitaxial growth efficiencies Conventional HVPE HVM
Reactor Information

Wafer diameter cm 15 15
Reactor length cm 206
Reactor diameter cm 20
Hot zone length cm 40

# wafers processed simultaneously 1 1

Reactor production times
- wafer load/unload time

Pull/push rate cm/min 2
Total puli and push length cI 160 0
Total puli and push time min 80 2
Wafer load/untoad time min 9.5 2
Total icad/unload time min 89.3 3
Operation: overhead %% 10% 10%
Total load/unload time in cont. operation min 52.0 2.2
- epitaxial growth time
Time to grow iemplate Imin 0 0
Growth rate umm/ir 200 (3.3) 200 (3.3)
(umy/min)
Laver thickness um 360 300
Time to heat and cool min " 6
Time to grow laver min 90 90
Operation overhead % 10% 10%
Total growth time min 9% 106
Total wafer-in-reactor time min 151.0 107.8
Reactor utilization (R.U))
R. U, - growth time/wafer-in-reactor time %o 66% 08%
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Total growth time min 99 106 Total wafer-in-reactor time min 151.0 107.8
Reactor utilization (R.U.) R. U. - growth time/wafer-in-reactor time % 66%
98% -36 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 HVM
systems and methods of this invention can be loaded/unloaded
significapgiy.fastenthan sarconveRtiRnahli¢RE Bstens AR AMS &BEbitaxial
achieve hi her%e%)itax%aLgrowt? ef.fici.epcies. It is also expected tha
%

i
ST NELBIRAT G TN EnE O R SRR Sl rcad mes

sustainedseqeiatit T0Y onsidesablytotigds petiads thernpesSibleadddhnloaded
CONVERLORTIBYSIAMS  BECANSE RS PRNENLIARAL H Y RESY SIRTLHIBE: higher

reactor is maintained at near_degosition temperature between runs, the
sUTRLHSS VSR BERGIEE s 61 GEPRSEF St R AR R st  Bstotima! Ga
enoughsratasstorandich hermphvdamagel Azsutivintptoadsitistaisicecagdhperiods than

substrate holder Jgggg) the. \r{%@%tsqr inlet is about 80 cm and a pull rate o_f no
more that 2 cm/min to avoid thermal damage, about 40 min. are required

to pull thBesthsstiatermrsiientd BISOR6YPesh i aubstareini ehat isatteposition

Furthss-aneadhesubstiate angnaafanane pasilionad i pthe-reaciele Wader ata

10 min can be required,for thermal stabijlization, reactor pur and set-
§ &
or PRECHE AL TS CUITTIBLATRRES dhe gAML Sl BmiBE olcer

reduoiretis mines!eachbovitio gtlcad dosksats etfup wodchie mrachiddngery thermal
Thus,dhe 1otal leagiuniead,ime s fREKE A0-TRe ForAuRIR (SORENUOYSostrate

production (where some times would be shared equally between two

subLR Vet Oins R B RIS A AN SRR BPTHienTRrifipFractor. up to 10
wafensaa: beyrapidly 2@ ioadediinoadedatdonesdemperalpreipwitioghsses.

ris iha{ € PUID imingt! FGIN 1 s% tl i. - cks,
e U e e AL A O s
(artefspeeieany b KigeeptbhEnthwart AadkiriRrb Bl InHiE Mg 52 minin

sysigmacangrsaethess-akthisnyentonaan hesrapidly eyoledhetwaesuccessive
higher. deposition temperatures and lower temperatures

loadin jlunloading temperatures. Therefore, the HVM systems and 25
methods lofethigaivie ttio H athieviercoside ratyishorrefco aatiry/ tanididing
timgsdthamBigePAsRle innpenvartionabii VEIEreactrisanee doaded Anghe

assuming Ga precuyrsor sources used in c§n.\/entional HVPE systems are |
ab B TS RAMERPAT RIS n S SEHEW Tt O Brited Al iemadrating.
growthdimasigindepuentiihabsystemsand ofatheisystemsgcoirthis ihv@nidrystems

aredﬁ)c{ 1%@{%%@5@%%%%&(%%% be rapidly cycled between higher deposition temperatures
and lower temperatures loading/unioading 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 adeguate mass flow rate of precursor, actual epitaxial growth times of
conventional svstems 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

presenied in Table 1.



30 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 HYPE 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. - 37 For example, even if capable of

adequategnassfiev ol @onitiRl Aedathalt i AR kelYthalGRRY BN {58 uniikely
sources can_sustain adequate mass, flow for ex§nd d periods.

COMSPRIGTEPIPR S S S R PATE ElS RSy h%tﬁ}%%%l?&%tctor
by(he passm G sgasmevenmetdiipgaliino inatliguibfomeBactu pestive HCI
efficiency QLIS PIOGESS: 9@&@@%&8@%&1&%raﬂstgtcg%?mg%ettg depends

process conditiofis (e.g., from about 60% to over about 90% depending ,
orﬁ@&&bfrﬁﬁé%@t@f@tﬁ%@ﬂﬁdtrﬁfé%%cﬂw@n@% &réﬂﬁ%@&}%ﬂ%@w 0%
Va{ﬂypefcuﬁ@@{ (Rsdnedeustptibecta decieasesfanhibarca GOAIDSEYES, vary.
th x of G ursor vary even a constant QCess

e T e e R A lor en
some@@mmﬁm@gt?atﬂtﬁ@rnqmcwlsemeﬂ%@mttﬁmmt@Wt@rnmtb HCI flux).

ang theil capasilies are divsconsiainas By reastos gem ety Jhemioesteactor,
boat b%eved to.be reasonably p ésgwlble and not belleilg}é to be dlschosed

O in tHE RRBWIRH & AE SRR SAVERITNET IRV LPSIRMERAY Aol ed © b
noreagmnesbhapoaiidetap proXidiately GrtodsHgsan thweultobe approximately a

IX XG0 ¢erand 06 JRSHE G ARSR Wih AB%HH;%M&&@RI Raals tlbaeand would

HVM systems and niethods of this invention employ an external Ga 15
soh?@@mnﬁwt%pn?ﬁ?@%ﬁd@wﬁ&aﬁtdmfsuiﬁnﬂg%@\?e@r‘@& Brstdor at up

. to 200 gnn@t»ﬁ@éhma%gteﬁen@aﬁﬂmemotﬁ sOppROvgranilraies 4R external Ga

15 XeeseAlAo0 U m\)nHéac%ﬁ § Sv“?%‘ﬁfr‘?%xi%ﬁf gxtended pe IOdtS 9%'%?@ Galhr
FII’S? ]t‘?]IS SOUI’CG an proviae a‘& orina maﬁner SO t?] tﬂe é

mass fisienBecidas repodrreh tt%m eyensdi ARg wpikaxibitgeowerpustamed

Seﬁ%ﬁmﬁ&&i FHIBIDBI (3R SPuHEEi S GaRableObrNRIAInRT,, WRIDIeH I RIAGer so that
ega% n because Ga %ecurs

20 s Bhed fr mareserv rholgbnsg @t
T G T AT A e SR o uh A pysboond, i
opemtexalhﬁasmwss: f@czeiébbtnfeslgsummwadﬁ@pemm)md:atmege felathrarsor 1s
20 ePilgxialgrawih plficignaisscan besumnanzes YK qasion MitZAER Nmultiple

(R.U.) defined by the fraction of the time ‘that a wafer is in the reactor
dURRGHTE R AR RPN RIBCRETIFGE TEIS BRURARRAENAYM systems
and methdsmeiithis idvention2bhchievesttichm R.tin bk abauiz8286 or reactor

moyg il rggﬂ‘ﬁed’%%‘c%;ﬂt\{? F2YSie S CARAGRISVE, RHENAR Hal (;ZEP&{W which

more than about 65%. And It is expecte that the HVM systems an

methbaseETHidSAvETtian \Amﬁéféﬁiéw BodhVgreateyvermivacEpitaahihis invention
25groyvtheeffigiancies inr asduad BRRFIHOR. 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
30  data of Table 2 demonstrate that the HVM systems of this invention can be more efficient than

conventional HVPE systems.
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Next considering first achievable reactor utilizations and wafer production
rates, the 30 data of Table 2 demonstrate that the HVM systems of this
invention can be more efficient than conventional HVPE systems. - 38
TABLE 2 - Reactor utilizations and achievable wafer production rates
Reactor maintenance times and wafer Conventional HYPE HVM
production rates - in-situ reactor cleaning time # runs between in-situ
cleaninggg, Br FIMERe: e MpiosaiaGiatR v R wafkoidldhickoasadq be
etched um 1500 300 Etch rate um/min 8 8 Etch time min 187.5 18.8
bake ti?ﬁﬁ};ﬁﬁ?ﬁi@%”ﬁi‘ﬁh%%‘b“ B8 Ga with in-situ@#okntisaidBBE0  HVM
Operatign.Qverhead %a.:8% 15% Total in-situ cleaning time min 339.8
41.1 - ex:SilhreAsion cleaning time runs between ex-sity cleaning 15 15
time toglpsepeasienafter unloading min 13;3 1.0 time #g o0l reactor min
180 20rdimadedakedseactor apart min 120 &20 time to pt reactor backo
togethermim: 180 120 time to leak checkandinther min 45 45 Time tos
load Gaswithex-situ etch min 10 0 time toduweat reactorigif 75 20 Wakey
testingttimenmin 60 60 Preventive mainteraince min 12420 Operatidh
overhedighds BB5N6220%6n-Fotadhex-situ cleanimg time min 959.2 571.2 0.0

ReactopmatilizationefR.U.) and wafer productton rate R. U8% 15%

wafer-ifiordacior-tipnisitetal use time % 59%"%6% 339.8 411
- ex-situ reactor cleaning time
# runs between ex-situ cleaning 13 15
time 10 close reactor after unloading min 133 1.0
time to cool reactor min 180 20
time to take reactor apart min 120 120
time to put reacior back together min 180 126
time fo leak check and other min 45 43
Time to load Ga with ex-situ etch min 10 0
time to heat reactor min 75 20
Wafer testing time min 60 60
Preventive maintenance min 120 120
Operation overhead % 25% 20%
Total ex-situ cleaning time min 959.2 571.2

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

R. U, - wafer-in-reactor fime/total use time %o 59% 76%
R. U. - growth time/total use time % 39% 75%
# runs (wafers) i3 15

total use time for #runs (wafers) min 3734 1996
# wafers/hour 0.24 6.45
# 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 svstems and methods of this invention can be rapidly cleaned
and maintained, they can achieve higher will be the reactor utilizations and wafer production
rates than can conventional HVPE systems.

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

materials can cause problems, e.g.. wafer contamination. Cleaning is required to remove these
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R. U. - growth time/total use time % 39% 75% # runs (wafers) 15 15 total
use time for #runs (wafers) min 3734 1996 wafersihour 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 5 and maintained, they can achieve higher will be the

reaelanedilizations ancwafepprosuctiondates thamcantrnueiienalbling the
HVPE systems Daﬁg[gpg % er ion tEr%aterlals grow on undesw%g Ioca]Llons

reactor -Sitl, sem reactor cleamny Is O ormed b
in ﬁ%‘e?eac or.e.g e reac? r walls and on other m?grna reactor y

cmmbm@entesmtﬁemesmb Geowiriof snesebamelioriis dahngupseleanings, more

PraBlsmE. §- gjtu\el@gﬁ{n%qm@m}{@géggﬁs Cleaning is required to remove these
-39 undesired materials, and can be erformed either in-sity, tha

without éfg%séﬁ?ﬁ}ﬁfgf% RESRCSt ‘?51“5% SRRl %%?égémbﬂﬁaliﬂ%t‘me than
reagtosntorsitt ¢l@aninegms. dftengpexioroied oy vetching vunddbirethdepuositsd lower
WL AISh BHRSE LI SN SICDIOAS 06 GRS o IRIGINOTOUG:as:

ex i cleaning Is advantageous. 5 HVM systems of this invention require

corfETerm R} TR BT Tearie e Rt tihE th SAP LOPRE R IR BT S P dhisrirane
Tr@n@@@&?&ﬁa@rmlsrwwﬂ%chﬁ%mﬂiﬁi\i\ﬂfﬂmlﬂ&ﬁ@{lﬁ(ﬁadﬁy\l&rwows on the wafers

LGI’?;@ tures S atzhtgg’e%gge{@ d']fpﬁé SEthereontgé{rll’lqTl glner m of

uC%IOﬂaTIen COﬂ ras conventional reactors operate at
depositiod e pemmaésvm thaehe isarnackmpait SknErRhIGrowSBH-

reactor walls ARe-iiRINal IeaciQERANS- a8 Qe OR tReumalersrdQ and, during
substrates. Table 2 presents a scenario which ssgirpes that no more than.

1.5HifR bf TRAHREEEN EEAE SRR B %%WPor WA AT nterior
intérpahreactbinpartsickangofmentionak HMPIE isystenss idssingrleanimnydsy 5 runs,
rec&{ redn% (?19{1 é{ﬂﬁ[ed&”'ﬂgm Wﬂ'&@ J‘fﬁlm&jnltl H&’X@@Fﬁgaﬁ?@o@%’& YBventional

per run an have grown on the reactor interior. In contrast, if in-situ
clediifig saﬁtﬁﬁre}%@?éwé# BRI FOBRLSHIE HRIpEHTi el elsh B ihdeaning of
15@@%%%53@! SMeURtEBIEn 20% REdessHif zslaeaam@umc&hae\m}b ‘havens.)

Co?ﬁ’%{]tlginal nI:!EPE S¥%E)%%%)cl a?fW il hgtv% 1? F{Lyﬁnes {and up to
rea or interior, (n Faci n-situ cleanlng the H systems of t

invehtionscduigkrdzschablyibechernyeting o)Vl Eackts) tiharerien.

in-situ C'%EBW%H@ﬁﬁ/{@fy&@ﬁ%@ﬂﬁ@%’#%&ﬁ@@&%&ﬁ@ﬁ&kﬁ% Stimesicaning
(and. up to 15 times) | (I)QF&%% than th in-sity cI time of the. HV, fly short
reactT Bt RIS TAURRRIGH 20 RIKE the % SYorhis Tvertion "t Shorer

requisEredinsiiier alilys lebElervsitpreleaning follow respectlveiy, ex-situ cieanmg. Also,
their disassembiy/cleaning/reassembly times are similar to the shorter times known for S
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: rapidiy-acting
reactor gates, fully automated wafer handling with cassette-to-cassette loading, the ability to
perform hot load/unload, separate cooling stages. in-situ growth rate monitoring and load

locks to prevent exposure of the reactor to atmosphere.

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

conventional HVPE systems must be periodically recharged in order both to maintain constant
precursor flow and also because of their limited capacity. This precursor recharging, which

can be performed during cleaning, further lengthens cleaning times of these conventional
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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 25 commercially available designs and
camponeniscahiead yHsrawmdbGSiqurocesting Hhe sgdesignadimedthods of this
components.incarporated from. ;b %%%%ng%%{?&ﬁ %ﬁi%ldg§of‘nme

rapl y- actlng eactor gates, frquIy automated warer Ing with
cassettelitGresaRtEIs R Mg PRSIy efocIv I RBeh Y iniysher R-U- and a

SepALAIGLRRHRYBIATES:s IRt BrovwhEatanepitaring aedinadalackadsis in the
prevent exposure qof the rea tor to tmos here. 30 Ap‘%sﬂag

diSATEE40 Bh e B LRSSt éﬂofi‘h?“éees"r Té %e IEABOA
conventional H\IRE @ygtmvmmmmn&; véthaigedtionoxdervbeotR-U. of
to m{‘ﬁﬂ?‘ &Qﬂé?@%h@é%%ﬂ&%%cf@m%';%%HEQ%H%&%U@H&' imited of no more
ca acity. Thlﬂf)recursor recharging, which can be performed during

ér lengthens cleaning times of these conventional -40
systemsRHhaﬁoamaﬁmth&iﬁwﬁemdaﬁaasmme&@f kv Mreystdm saandwhich can
10 m%thcﬁ) ds Odf t % 'x%ﬂn%%“o?&%f@r%ep%'&ﬂc'éﬁ'Ey%@%x!ﬁt&ﬁ%‘ Petﬁ%ﬂef&) fo produce
extended |ods oftime. In summary, reactor maintenance times can be
suWﬁ@?aW%%@ by BCEL BB IEIC A VAT Y SHRBTE RS St T RigaaBIgsrigrd ex-situ

R.Hed@Rresentschis ratio ohine tinerihal @ watekismittieoTeastonta thethese

sum of the tlmest %t aw, f.eg 'Qvt e{%alctor flus %h cing 15 wafers (including

clerﬁr?lng MamTehshee ?r‘ﬁelél‘:l cah'be Seen that the system aﬁa ©

méﬂa@’dsigﬁdhmfmmwea@h&wfalﬂﬂuu ofcabe MY Bntameres Whiend source
15 CORMG @ﬂéﬁ'ﬁ?&?ﬁéﬁ%@iﬁr&@&@&ﬁé@ﬂﬁé%& ls&s@éﬁﬁ%ﬁﬁ%@thﬁa@@f this

about 60%. Relative system_efficiencies can be represented by wafer

proBiFOHSR KetsE WRCH A" Y56 HURVEE 15 ETaRTS RHIBEY BF Widige
praocided by dhe tatantife Feguired. tdiproflucahthesenmatiel s:eBindeofithis invention
Comclﬂlg\tfg & gr&f(l\ﬁ%{egg prﬁml%ﬁﬂ&ﬁrﬂgr%%ﬁ%%e ﬁn(q X SAtydlscussed

cleanings, rat s comprises 15 runs (according to the assumptions of
TaBhese] aHEer ey, s P e e e getbinsirRs el e URAgi A B 58§ #Haotal
20time for praducingsi&wafessmtinalvdingoloadimioadiimes. IHmkpie:a{Mﬁgd methods
time gp -Situ cleanl time mamtenanc&ﬁl e, and SOUI‘CE 1 98
ods of

spvention u TSOIS L MOIE e c1ent
tlme% ?‘Rﬁﬁ sys ems and met

L

c?leggmg}{namtenance

t'éan be seen teh%te %He totartime
thisoingenton rediliressprod e sl waldisd unsy istecndigldeably shorter
than the total time required by convention HYPE 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. 20 Lastly,
considering comparative precursor efficiencies, the HVM systems and
methods
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of this invention utilize precursors, especially Ga precursors, more
efficiently than conventional HYPE systems. This is exemplified by the
data in Table 3. -41 TABLE 3 - Precursor utilizations Precursor utilization
Conventional HYPE HVM - ammonia (both processes) Ammonia Flow
slpm 14 10 Total ammonia flow time min 132.0 97.7 Total ammonia for
90 min. run mole 82.5 43.6 - HCI (convention HVPE) Moles of HCI /min
during run mole/min 0.024 TIABILE Bl CPues@dsir nutiiibseiobd .2 - gallium
(conveption HVRE) Input Will ratio 30 Moles/mln@fr‘mmgmﬁ,gyrmg}wgl
mole/mlﬂnglbngg Males{in of Ga required by ammonia flow mole/min
0.0208, Gzonuetsion of GaClx to GaN % 95P4;, Actual molgs/min of Ga 4
used incsdnmele/min,0219 Additional mglgs of Ga % +Q% moles aof »
Gaminfgg; eihénete/m:0.024 Weight of Gamin for runggm/min 1.76 gm
Gamin; 100 gm Ga/hr Weight ofGaperrun gm 151.4 - gallium (HVM) Input
V/IH ratec3Qemales Bieanmonia/min during run mole/min 0.4464
moles/mirsaf Ga tormert Milll mole/min GuOk48: Conversien of GaClx to
GaN %.8p9%6Cmelesraf GaCl3 dimer/min retipgired to meét-mole/min 0.0082
V/IIl Additional moles of GaClI3 diner % 10% Total moles GaCl3 dimer for

run motea@i82 (carentie WElEht GaC13 diner gm/mole 352 2 Total weight of
GaC13'gmeél e tun gm 287.4

Moles/min of ammonia during run mole/min 0.6250

Moles/min of Ga required by ammonia flow  mele/nin 0.0208

Conversion of GaClx to GaN %o 95%

Actual moles/min of Ga used in run mole/min 0.0219

Additional moles of Ga %o 109%

moles of Ga/min for run mole/min 0.024

Weight of Ga/min for run gm/min 176 gg mG(E‘:ja/H}l;;n; 100 -

Weight of Ga per nmn gm 151.4

~ gatlinm (HVM)

Input V/TI1 ratic 30
moles of ammonia‘min during run mole/min , 0.4464
moles/min of Ga to meet V/I1 mole/min 0.0149
Conversion of GaClx to GaN %% 95%
moles of GaCl3 dimer/min required 1o meet mole/min 0.0082
V/HL

Additional moles of GaCl3 dimer Y% 0%
Total moles GaCti5 dimer for run mole 0.82
Atomic weight GaCl3 dimer gm/mole 3522
Total weight of GaCl3 dimer for run gm 287.4
Percent of GaCl3 dimer that is Ga %o 40%%
Weight of Ga for run £m 114
Weight of Ga/hour for run em 75 gm Ga/br
Ga utilization %% 21% 25%
Utilization with Ga recycling (est.) % 27% 80%

Ga atilization is determined i Table 3 by, first, considermg that a conventional HVPE
system suitable for a 15 cm wafer can be expected to use approximately 14 sipm (standard

liters per minute} of ammonia. Assuming a V/III ratio of 30 and & 95% conversion of the Ga

precursor into GaN, the conventional system can be expected to use approximately 1.8

gm/min of Ga. A 90 minute run sufficient to grow 300 um of GaN at 200 um/hr therefore
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Percent of GaCl3 dimer that is Ga % 40% Weight of Ga for run gm 114

Weight of Ga./hour for run gm 75 gm Ga/hr Ga utilization % 21% 25%
Utilization with Ga recycling (est.) % 27% 80% Ga utilization is determined

in Table 3 by, first, considering that a conventional HVPE system suitable

for a 15 cm wafer can be expected to use approximately 14 slpm

(standard 5 liters per minute) of ammonia. Assuming a V/IlI ratio of 30 and

a Rptfreonversiinaf theCaipetersorainio Gapn tfdGeonwentional:systamn 13 cm
can be expected to use approximately 1.8,gm/min of Ga. A 90 mintite run /<,
su )%re’r%?%&@t@ggvm%a] afrﬁ%:c&ngﬁpé% g‘um Ejre%%é%g 63%?} ?A%I%eargifes ( .)'
afoutersasymtef Gaeisine &thereTs1about B1dgpassrGa icaBoburhthayecior, little
onsankR eivanaiendhe kaalfidency of thp.craventiesabity RE taagteuditeuse of
ap rox'mateéy 219% (= 31/151). Since.most of the remaini m(=.
K SN B e T SL GIHE ROART P T SRAL  Femeor s o mor
unbaadpiiemeeydlingfand reuse. It is expected that even with recycling

and reusg of . Gaphpusied TR NG JRACkP b he.Ga Eficienay B8 monia flow

conventional HYPE reactor is no more than approximately 25%. In

cofitiast? EIRMW GRS ARG TRt & LRES RN 16 TRikefolves 15 om wafer
ammaniadflow. Eesfde, siprryand/theteforbraelowknGaiflowcand adowdieve Ga

totgl.Ga req Olgﬁf%%%% %flﬁ%%&ﬁ:e(%&m;&é‘%%& Mﬁ%f%ﬂé%iegé%{%?r oreater

systems and methods of this invention can achieve Ga 1 =k .
2796 eEigency MivwReslinesegarny ahtiretsaidpd e pitis 86d6ippally. since
grgatetr@r efficiencyw with recyeling isaepiiise of Gaexhausiad #amtheost of this

reactor. %dditionall%l/{' 1(@ince little .of the remainin‘g E%é?[j%rpe :C1114-3&)rl%i)§eS < sit y

de%’b‘gﬁg BRPHTE S gsrec%?tﬁ%éﬁ%lé%lé%&}f%%étwo e unused\négnap

in theeattor exthaustoliheradrigsavaiablostdaydlingacidsenseoitis HVM systems
expestedithat withrecycling and-ravse phexhaust Ga, the Ga efficiency of

the HVM systems 15 and methods of this invention can reach 80% or

greater. THe BrOTBHLERAMIEERR ShitedRYREIR AFORed S8R HAAPSh BU gt scope of
noﬂiizrmwn&o&(;@imeeoﬁeih enihuemikoin smmmem‘ lse)pﬁmemet&aeé aspects of the
dﬁ't?o”nS %g%‘c’lﬁ{\%?grgéd‘%%é?ﬂlﬁéﬁ%t&f?{eﬂh%d'&W%ﬂ%ﬁﬁn%{ysé&%'xﬁlﬁﬂﬁnvenﬂon.

Ilustra . _

embodiments are’inten ed to be within the scope of this invention. .
Indedesdvanianrs rrstifffeanans’ graie AV orRtLadRTEASEIRY e SheRAgbed
angHascebad20hereinsguch asaliemaie s efttheambinations:ef teome apparent
elements described, will become apparent to those skilled in the art fro
R g e A e e b R
withiretHed sedgbvofitngtappeamndedhelainysded ehnfelldwikriednding taed in the

applicatianAs:a Whals) nbeadingsiandlegsrds are uead-fonelastyeanake only.
convenience only. . . . . .
A numbeér of references are cited herein, the entire disclosures of which are
incorporated herein, in their entirety, by reference for all purposes. Further. none of the cited
references, regardless of how characterized above, is admitted as prior 1o the invention of the

subject matter claimed herein.



A number of references are cited herein, the entire disclosures of which

are 25 incorporated herein, in their entirety, by reference for all purposes.

Further. none of the cited references, regardless of how characterized

above, is admitted as prior to the invention of the subject matter claimed

herein. -43 THE CLAIMS What is claimed is: 5 1. A process for delivering

a gaseous form of a Group Il precursor to a reaction zone for

synthesizing gallium nitride, comprisig (previding a carrier gas selected

from the group consisting of. hydrogen, nitrogen, helium, argon and

mixtures thereof at a pressure above atmospheric pressure; heating the

caYfiet fjadatoed t&mperature of at least 110C; 10 injecting the carrier gas

into a bath of a liquid form of the Group Il precursor; and conveying the

carrier gas and any entrained Group Il precursor from the bath to a )

3 reaction zone f%#’é%fﬁé%ﬁi‘ﬂ&%?@r&éﬁs?ﬂ‘ﬁi#i% AIVEHRG Priggsor to a reaction
precesSofyothimzinglzeli@imtheidarciengascand entrained Group 1l 15
precursqis;deliversdito Jhe.Lragtion,0ne aba lemnsialye gl ablRAStitrogen,

110C. 3. The process of claims 1 or 2 further comprising purifying the

cabRisIgyERY PGSR ae REHHTR R BRI ISHS e Biflion. 20

4. The pmeeessitd amonrResed themseeeding cladms mirerein the carrier gas

is provided at a flow rate of 5 to 15 liters per minute. 5, The progess of
10y one S NG D S B e I R . an

bath is heeweding hecmper apsairrierangeddfrip Blipragoe: Pgpighath o a

PregRasiARYRRe Ak theRrecesipaiclaine whetinthe Group |

precursor comprises gallium trichloride. -44
2. The process of claim 1 wherein the carrier gas and entrained Group 111
15 precursor is delivered to the reaction zone at a temperature of at least 110°C.
3. The process of claims 1 or 2 further comprising purifving the carrier gas by

removal of moisture 1o no more than 5 paris per billion,

20 4. The process of any one of the preceding claims wherein the carrier gas is

provided at a flow rate of 5 to 15 liters per minute.

5 The process of any one of the preceding claims wherein the Group 111 precursor

in the bath is neated to a temperature in the range of 110°C to 130°C.

]
A

6. The process of any one of the preceding claims wherein the Group Il precursor

comprises gallium trichloride.

w44 -



