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[0001] The subject matter of this application is related to the subject matter of U.S.

Patent Application Serial No. 61/157,112, which was filed on March 3, 2009 in the name of
Arena et al., and to the subject matter of U.S. Patent Application Serial No. 12/894,724, filed
September 30, 2010 in the name of Ronald T. Bertran, Jr. and entitled “Thermalizing Gas
Injectors for Generating Increased Precursor Gas, Material Deposition Systems Including Such
Injectors, and Related Methods,” the entire disclosure of each of which application is

incorporated herein in its entirety by this reference.

FIELD

[0002] Embodiments of the invention generally relate to systems for depositing materials
on substrates, and to methods of making and using such systems. More particularly, embodiments
of the invention relate to atomic layer deposition (ALD) methods for depositing II-V

semiconductor materials on substrates and to methods of making and using such systems.

BACKGROUND

J0003] 1II-V semiconductor materials are rapidly developing for use in electronic and
optoelectronic applications. Many II[-V semiconductor materials have direct band gaps, which
make them particularly useful for fabricating optoelectronic devices, such as light-emitting diodes
(LEDs) and laser diodes (LDs). Specific III-V semiconductor materials, such as gallium nitride
(GaN), indium nitride (InN), aluminum nitride (AIN) and their alloys (commonly referred to as the
[1I-nitrides), are emerging as important materials for the production of shorter wavelength LEDs
and LDs, including blue and ultra-violet light emitting optoelectronic devices. Wide band gap 11I-
nitrides may also be utilized for high frequency and high power electronic devices due the III-
nitrides ability to operate at high current levels, high breakdown voltages and high temperatures.



100031 I11-V sem conductor materials are rapidly developing for use in
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[0007] I11-V sem conductor materials fornmed utilizing ALD processes may be
of a higher crystalline quality than those formed by conventional MOCVD
processes. ALD processes nmay allow for greater control of precursor
incorporation into the deposited crystalline material and consequently a
greater control of the conposition of fhe crystalline material formned,
e.g., of the H -V sem conductor material fornmed by such ALD processes.
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are often configured for single wafer processing, leading to low throughput and high cost per wafer
of I0-V semiconductor materials by ALD.

[0009] Recently, ALD methods and systems have been developed in which each
precursor is provided continuously in spatially separated regions, and each precursor is introduced
to the substrate as the substrate is moved through each precursor in succession. Such processes are

often referred to in the art as “spatial ALD” or “S-ALD.”

BRIEF SUMMARY

[0010] This summary is provided to introduce a selection of concepts in a simplified
form, such concepts being further described in the detailed description below of some example
embodiments of the invention. This summary is not intended to identify key features or essential

features of the claimed subject matter, nor is it intended to be used to limit the scope of the claimed

subject matter.



a group V elenent precursor may be introduced into alternating gas
injectors of a plurality of substantially aligned gas injectors. A
substrate nmay be noved relative to the plurality of substantially aligned
gas injectors such that a surface of the substrate is exposed to the group
[1l elenment precursor and the group V£I enment precursor formng at | east
one |I11-V sem conductor material on thé surface of the substrate.

[0012] In additional enbodinments, the present invention includes

deposi tion ms for f ] ] g . i jtion
syst ens rrayslﬁllt:lﬁ:udén gomrfa%l@o Flgenﬁsgge%gﬂ{g%g@%&%ﬁ%@%&%gggﬁgﬁﬁaI |y

al i gnedmgadalj soplesstadiisV asmicaidubteambtena sorassibstiatey A goupri elemgend pstysenaad e

along a length of the manifold. At |east one.of substantial, v.ali.gned gas
i ot gt EOTIE Flsdeat BEFHT R DRInpROYRE G 8 REah R Heae Pl el oo et
confi gusfuﬁﬁaﬂtﬁllﬂﬁﬁ@e@gdsiiﬁ]%t@rsf AagBikatetBRInfved ithtiang toolé ptaliddfpat hway
extends fromthe inlet, through the thernali zi ng conduit .to an inl{'lf.ri or

space wiubstimiallpaligned gasdniecions sichdhat 2 sprdace phthe puhstrata isexpeed Bfe oWk Yhin t he
i qui d i | W DESGRIRT 4 s T RRANGSor

[0013] #ﬁgéngpggﬁer#&fl%@lg%ﬁﬁkr}ﬁﬂg?giggggnder sto]}ci)gcl-Jl nore fully by reference to
t he f ol hawialgn detsaificed! thesubsitptei on of exanpl e enbodi nents of the present
invention, which are illustrated in the appended figures in which:

[0014] FIG [001% dnaeddiienadembidimeits, dequessuthieventionciacligesidepagiion aystamy fomn
exanpl e, enbodi nent, of a deposition system of {he inpy I . -1 ncludes a
ant F ot GATAE SEv S RaBERe oHle Shestiots i mb el R hoRlink 8

[0015] pHu@y o2 Aubstantulig hligladsediafmaiorcml layleast bresisseatbdy fox mopinga saifstrate

enbodi ments of gas m'xt,urgs t hat may. be sfﬁpl il.ed to the at. | e_{ilst %Qe %as
i nj ect otlongra lenash e mapifpld. At least prryfsybspenpally alighgdeaas iUty PASFEIATES an
exanpl eggabashFBsHduR a 1RulRDnlalicLEdnPikured td VR 4 RyRdeh @t haRE, Hd didiudetOf

whi ch may be uSed in enbodinents of "deposition systenms of the invention,
such aspatheaydaisods franpthednlst traugh the tgrmatizing)epdyit ojag interigr spage Withindhg ed,

partial llié{lic? &%iaﬂ%%n& hSPP( o in?eﬂgpgp%eo\pitlﬁlﬁ he ri'iﬁuig%ﬁntgiﬂj:ﬁs Roufddt.

BRIEF DESCRIPTION OF THE DRAWINGS

j0013] The present invention may be understood more fully by reference to the following
detailed description of example embodiments of the present invention, which are illustrated in the
appended figures in which:

[0014] FIG. | is a cross-sectional view schematically illustrating an example embodiment
of a deposition system of the invention that includes a manifold including at least one gas injector as

described herein;

[0615] FIGS. 2A through 2D schematically illustrate examples of embodiments of gas

mixtures that may be supplied to the at least one gas injector of the manifold;

[0016] FIG. 3 schematically illustrates an example embodiment of a gas injector of the
invention, one or more of which may be used in embodiments of deposition systems of the

invention, such as the deposition system of FIG. 1;

[6017] FIG. 4 is an enlarged, partially cut-away view of a portion of the gas injector of
FIG. 2;



5 [0018] FIG 5 schematically illustrates another enbodi nent of a
gas injector of the invention that is simlar to that of FIG 3, but
further includes active and passive heating el enents; [0019] FIG 6
schematically illustrates another exanple enbodi nent of a gas injector of

t he invention, one or nore of which na be used in enbodi nents of
deposition systens of the invention, ch as the deposition systemof FIG
1; [0020] FIG 7 schemati cal I y il lustrates anot her enbodi nent of a
gas injector t but
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of the ipraiemthat isvisrlal wrihat of FIG. 6, but further includes active and passive heating elements;

[0021] FIG. 8 schematically illustrates another embodiment of a gas injector, one or more
of which may be used to inject precursor gases onto substrates in embodiments of deposition

systems of the invention, such as the deposition system of FIG. 1; and

10022] FIG. 9 is a top down view schematically illustrating an example of embodiment of

a deposition system and method of the inveniion.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

10023] The illustrations presented herein are not meant to be actual views of any
particular component, device, or system, but are merely idealized representations that are employed

to describe embodiments of the present invention.

[0024] A number of references are cited herein, and the disclosures of which are
incorporated herein, in their entireties, by this reference for all purposes. Further, none of the cited
references, regardless of how characterized herein, are admitted as prior art relative to the invention

of the subject matter claimed herein.

[0025] As used herein, the term “III-V semiconductor material” means and includes any
semiconductor maierial that is at least predominantly comprised of one or more elements from
group 1A of the periodic table (B, Al, Ga, and In) and one or more elements from group VA of the
periodic table (N, P, As and Sb). For example, III-V semiconductor materials include, but are not
limited to, gallium nitride, gallium phosphide, gallium arsenide, indium nitride, indium phosphide,
indium arsenide, aluminum nitride, aluminum phosphide, aluminum arsenide, indium gallium
nitride, indium gallivm phosphide, indium gallium arsenide, aluminum gallium nitride, aluminum

gallium phosphide, aluminum gallium arsenide, indium gallium nitride phosphide, efc.
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7 or U S. Patent Application Serial No. 12/894,724 is described below wth
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conpositi nd. thi.ckness,. for LR, devi ce structure . formti

i ncl udi ?’fg}?gf%ﬂfmégz\a?ﬂf?@?“ Ferightto-dapot o S aeisBed hepiuth EReR o Fi4S, 14 and
[0031] fEheEAnRe e choRjesisst 160A 1 A2BIEG2(, 002Ih &iay b cdnfigered tm@nivérod shuddd4aand an
assenbly 106, such as a track, a conveyor %% a support. 'I(')Be mani f.ol d 104
may i nclogseoEmprepFastisery fsmseindhe dLbmrcesod e grrorifor 8§ ol WaraiRiRIR 2 | east
one gasglill GUATH BroR@l éycﬂeg,%aE%B yelb6mfRSa B $FR 81- VA8 middMdRfor RSl Oned

in longltudinal alignrient w one"another"to formthe manifold 104. The
gas col Therdepasi@®nalysterh d0¢vmay. flaisobelavployed ibraing amdpwdity af layeys ¢t bl e
configurati such i [ : td G f guration.
I some Do ke lf e iR s Q0B B g SRR R BRI Ve 1
one or gmcErafortior dehslingsor ataamplid light(emiting diodes (DEDs)oing tidtilds. or wafers) on
which it is desired to deposit or otherw se provide Il1-V sem conduct or
material, asj0031qi CRiealdpdijtiontisyae il 0Ny Arthemindl(d: a hmifolchHY aadboakseeblys, t he
assenbly 106 is configured to nove the workpjece substrat 12 relative to
t he gas%/%o?‘lﬁlf’rﬁ%a% BFORET FethHPBPY ?@éf“m’é’g’&* ﬁgin@é’tl%cz”‘%fp@f‘%&f’{@ﬁal arrow
105.  FOfnftRmok GontidlRdWPFLEI SAGasiR Ih@ihRfugh 4 Bod M) BREEHR! TRE gl BRindk 108

waf ers. The gas colums 108 may, therefore, be positioned at a sufficient

di st ancaaybromositionsl ip densittdivel 2gntest with enaofst ledensihe genpiild 194 SThegape
noved t by I . 106.
(0032 L 0B oF PR FnlAl 18E ot BEafited 7Tl ERoNrdiR B Rk o o
parti cufolled vt a sdysentimnichbfwtationd Lo forpdemitdposgits, themasifeldd i4 s@onfigumsl toer ns

"l ongitudi nal". and "transverse" are used.to refer to the directio .

el bt VoYt Rians PR 1o SR EE L Gy S e oSS o MBstae
wher ei njsifsrel] @ @ipbsichir dilervilbd RE1IHOII-Vseinftonthidr anakkial, agindieatd bydifectional he
perspective of FIG 1, and the transverse directjon is _the vertical

di r ect | BFPY FSmR pBeqrabogisnisy eaﬁsemfﬂ@ 0% Is epf %dn‘ﬁi“i‘l)’& therorkpics SIPSTAE ar e

al so refenkigivd® dRSadidGald B EtRmMbII0 04 8ds Gificated! bgAEEdioRAl 2B 108NF40l d
or "along a length of the assenbly." . [0033] In sone _enbodi ments, the
deposi téxemplytht sverkpiroe substraieield 2 anaypomprissdies,os tvafarsy skhg sapoodurpin A8 51, or

ngle ggtﬁg[%foiré] b8 p(t)s}f'l?ong@&i o Bl Pdis@id ab&erﬁ%g&@?§@§fopﬂ% V\%i‘kpticf&g st ol d

112 to be moved through a space between the gas columns 108 and the assembly 106.

[0032] In the following description of the deposition system 100 and, more particularly,
the manifold 104 of the deposition system 100, the terms “longitudinal” and “transverse” are used io
refer to the directions relative to the manifold 104 and the assembly 106 and as shown in FIG. 1,
wherein the longitudinal direction is the horizontal direction from the perspective of FIG. 1, and the
transverse direction is the vertical direction from the perspective of FIG. 1. The longitudinal
directions are also referred to as directions extending “along a length of the manifold” or “along a

length of the assembly.”

j00331 In some embodiments, the deposition system 100 includes a gas flow system used

to supply one or more gases into the manifold 104 and to remove gases out of the manifold 104.



For exanpl e, the deposition system 100 may include gas sources 114A, 114B,
114C, 114D that supply the gases to respective the gas injectors 102A,
102B, 102C, 102D. [ 00341 For exanple, one or nore of the gas sources
114A, 114B, 114C, 114D may conprise an external source of a group II

el ement or a group V elenent that may pe supplied to the the gas injectors
102A, 102B, 102C, 102D. The group |11l el enment source may include at | east
one of a source of gallium (&), a source of indium(ln) and a source of

alumn Al) . non-limti I t I rce may
conpri ﬁrg’fﬂ%pé%ﬁfe %ﬁ%smoofl Sﬁsra%ﬁ& ilg(?hm? f?’gﬁld %??Scfg&f %ralg?% 114’3ngi|4§jr?ﬁ]? %ﬁfljori de
(1 nC13)supidl thal gdses Bandsietiied thogds deedidis CDA, TR, IG2OU2DL | el ement sour ce,
conprising at |east one of GaCl3, InCl3 or AICl13 nay be in the formof a

di mer such ggg34{ orFoexadmlE on&aaiks of tho 26luees WAACIBIB, THC, didumay el ement
source may .include a source of njtrogen , our f arsenig (

and/ or @U@Bﬁﬁ%@xﬁn%%@‘ﬁ%ﬁﬁ?@%.e{eg%nmg‘%?“p&‘;l%?é%?fgﬁm% Sulpplrciﬁdttgt ion,
the gr - il 12970 N8 eRnecAOErcad HEwide a 1éd8HRe,

ar si ne%%%@?kﬁéﬁlﬂ%éqﬁiﬁ%gdgg% L negg)rrug er?bodi msntcs, agour ce gases mmy be
suppl i ed afspane offgallyas(Gadarsewrse aflingiumyin} pad 4 sovese of alapinug ¢4k AR ect or s
102A, 102B. 10 ' oo | b tBshidYgr ogen
gas (H%ljn,ll%ﬁ% )faél%iegélg?gﬁ&g)ﬁj}%%}l%gﬁso?f&re;;ﬁ,yyg'? %@ﬁé'?%gleg%éﬁ%%f%g% may t herefore
conpr i SGa0hy ilurmichlogide (inCly) dndelvensut tricbloride §A 1K) Wl groip WHrlemsnt sapFcs,

carrier gases. th urc .S _CQn r S
sour cesCOIPAANE 3i7l5ast 015‘?[10%%%3531%1%%?&!@‘8 (e g’ﬁ%ﬁiﬁ? gor'f[llog? ‘éﬁ%egg%%&%f‘g} %gglg%ﬁy be
heat ed ¢oC8, &wpslrﬁggrﬁ.em@%rﬁilw@mnehmm eaptiechaleprsenoe sfmitragas (M am t he
source gas. For _exangl e, the source gas ?%%/ i ncl ude GaCl 3 anﬂ. H%j& ch
may be Seure ebiarsaicAsesndar aneires QPPIRIPRI (PR Sy Way@t SEATTRIARCTPT ERTBIPdES t o
di Ss00i 46, { Bkl BRERRAS CobrillYHE BGRBreloR kiind (KL, £5hO(AE) dGadiphmad

chlorin d species, such as hydrogen chloride gas ( ) and or_chlorine
gas (CI1®Hs). In some ¢roiggiBnenTh sougerseasesmayes sanpliad fromalss gas sorces 1145 WA suppl y

to the i nirectors 102 %&%? »c BB D EaBaSeakdd] &6k & S
102A, 1%%%,’1%@&61%@%;5 e éﬂ%@é%ghﬂﬁorusggﬁgigrﬁg %ng[sggr lm)re

pr ecur swydeogai gasf(Blh), heliuirnghs CHelgarzbre( A0, ecurThe sear¢agas ey terdigre eoepisalont pat e
112. For exanpl e gas injectors 102A, 102B, 102C, 102D may be

,, th e
conf i ng’%‘Ggf%‘Péﬁﬁiﬂ“Vn e o‘?’é]gaﬁ%%“tl&o‘lteﬁ@mgﬁ?ﬁaat ed gas col utms 108,
whi ch may be configured to direct th recursor ga t r h j or
surface of t[H%ﬁ]vor‘gf)fhéé@’rﬁﬁéfsr"&f%eyﬁgg?lﬁﬁeaga&is?‘g ﬁi%\’sla\égt ‘gﬁ‘{:r g‘l“i@;
per pendizfiabREoddfitd NG, FRkAroStHs b Be Atatdd e aWHiepin@e cuffitibaits géreralcl?. Thus,
an area on the track 104 9 underlying each of the, gas colum ‘1%%.
Fath 2pdHa Bhishs

r epr es epreaurson gasrffae thespirpoast Ferexamplehthe BRCGHEK BRE Eﬁh’éﬁ .
exposed, f ond NGRS %{é}ng)@fam?@sﬁﬁﬁ%ent for éhe AR dic B OB FiskdbiRCh WeSprdlredd of102B,
0 ependen

102C, 1 nay eac erate In 'y and may be spaced from adj acent
gas i nj lpdiapes ird2Alum 0RBide@RC)) ahd 2 Bhlatinatediipstiesnaush gulividreser pltlotids 995 event

Cross-c am natign.of s rel eased by adjacent injectors 102A, 102B,
102G, 1@%“@2@5“@?"‘ ﬁf@g’@?-inj ectors 102A, 102B, 102C, 102D may be
configured t ovide a sufficient t . of, gas_t rat.e. Whace of
t he wor kpi ec@(}:gﬁj bsThees S‘i“f?salﬁ%&géﬁgmﬂ%alf‘t%%?y% 813&(%[1[% ?%%13&8%qt02§’

sur f acey@iz, 14g, WP PERGST Heat el 24, THrB, 1erd. 1020 nikf4e obnfigheddeposi ti on
system 100 shown in FIG 1 is defpi cted with four gas injectors 102A, 102B,
Oty (et R

102C, 1EPEFRLRGORARS MOTGPHC B ineducing; i preues gFe SE5FAR L anpl e,
the numper (of -gasid Eﬂeggﬁé ﬁje%to&@ﬁﬁAlt, Q0B R0L0, 182D MRS BE SRHfighRd e supplygr oup |11
or

el ement precurso group |V element precursor) to the workpiece
subst r aprecuts gamsy totthe lehgatadads triwaes 98, whigh giay bejcanfigane fosdiregfthe ECU er i al

(e.g., éagees tl)\lzvlafd\ﬁlés r?l%iozg gu?%gecéﬁﬁe mcﬁirel;eagu})stratc 112 in a direction substantially

perpendicular to the major surface of the workpiece substrate 112. Thus, an area on the track 104



[ 0038] In enbodi nents where the group Il elenment precursor is fornmed from
a gas conprising GaCl3, InCl3, or AICl3, the group Il elenment precursor
may be formed fromthe gas using at | east one of the gas injectors 102A,
102B, 102C, 102D, as wi |l be descri bed. 100391 The deposition system
100 al so includes features for naintaiging separation of the precursor
gases during deposition of the Il1-V sem conductor material. For exanple,
the deposition system 100 may i nclude at | east one purge gas source 118

for SUp@ld?\é%ﬂQ%@acHHfﬁgg%%l&&s%ﬂ SR ebifth ok WS cnlM8 waRgicas exhaust

line 12 Faw ng Excess precursor gases m t he deposition system
100, assubstchtecH2agdexpysedits thetpraomabr gasasow 121. The purge gas source 118 may
conprise a purge gas, such as argon (Ar), nitrogen (N2), and helium (He).
The purge ga83mpuriie ghd Bjcrays H2AL$€IB, 1 62E 02D eraytcheh qparaggendepsndent] it dnad

wor kpi ece substrate 112 via the o] 0 anpl 1 pur ge
gas spu@ﬁ%gﬁweﬁgﬂfﬂb?ﬁ%ﬁ? %@J%WgﬁzéaL@?g&ﬁg%gﬁ{%ﬁéa%g ¥ 1813%3% col umms
108 di spewsdabatisnamitaibn 6f gbdieelensd bPidipas ididdory 3621 11028 UPRCY 1020 Each
precursors to the workpiece substrate 112. The gas co] umms, 108 na¥ so be

used t oofrthngss éniestare @24y 4823, 102C el 02Dymay b capiiguesshio grayiste agHiicteRa

gases) i I TSP Sthgases may
Do pass e B B B e B T or

r enpval sutfacmofitieewatbpios substrateshi3t he magfoldbi4 diberdspesitianesiegn d8&shogades may

be re t hr ou 0 of the ga I } of the
gas. ool Lithd 8RR PG eet HiccRRRIRR 1R 1080 IPLBPRRRS OB IRRRGRATR 06 10
t he workpkeaamseakédtior ddatple, e number of[280illELtoshBedi®Sepdy y ptO6sdrge.g., a
configured to support the workpigce substrate 112 and, in.sone
ebod n@AvRll denérk Bisepeatior A REIRAY ﬁ%ﬁ@e@rgﬁwgﬁﬁgg"& whpisck SUBRE | manbte
each sugfesdibiedoAa el HciheR of Mehlteutiea  TITUL e suBictdiueeemateha).r ate 112
is shown in FIG 1, the assenbly 106 may be configured to support any
nunber of V‘D[Wﬁgeclﬁ eibB et Qhede ke £:01ip NI Q6888 pRBursdrlls oATRI ReRaghdrent s,
the assenbly 106 may transport the workpiece substrate 112 along a |length
of the mmmmggﬂia@baf; Chner ATk e grapdil sismeni reecpspr mAYbe fpemedfiom 812304 may
D aoo Sikifeh Rl Be bAODR RISLRITIRYI03oRAEE Ibnk, GHARI RS BALY O 11e
gener ated “by

pr ecur sOr gases he corresponding’'gas I njector 102A, 102B,

102C, 102D t t t e S | Eﬁﬂﬁ a%ﬁéﬁ t he
surface of tlﬁgfﬁoﬁ%l d:eg%s@tgou Sg%n%gﬁ go %%ﬁ]?@dge%%%lggﬁ? g&éﬁac %#eﬁt e OF%%

pr ecur spreursod ghsay éuringfdepaitimnioithe Tl enicmpesortmderal.eforehengethadposifion he
wor kpi ece sqeﬁtrate %}2. PIIk0041% As Qgﬁ.mor i ece subst{ate 112 is
moved r BPFigE \PQ may tqlisie ahleast ope,pree g3 gouree LIS IPHUpPyIng £ PAERER Bt h cycl es
for for ghrgpondin kasoh@itis00B e iDdxhiit Rid 120 f@\RAwihE excai fratsongasts from

wor kpi ece substrate 112 may be conpl et ed, LI%042] As previousl
ment i on&ea depssision pysesy 0p2s pdigaterhly dipsrannplieow Ba The puige gassowce 18%" f the

deposi t 0 | k 1;,,;119(1%2' _rTﬁyﬁlg& gHupnt s of
gas inj %oglébgg'és@h‘glg% |bseugﬂlxsn %I?%I?QV%O#%&}% ’glrugnece to FIGS through 7. In
some enbi@dhapertesed ohleliga siei pupgecaoioghe §okpieqBstrateoDe, vialbe psealpming dPide a

thermal Lzin as, i nj_ector _as SCI.J i . t i j i al
oo oy HE AR ot PR st FIBHRE] By P kel el B M ORPO RS BS
liquid resaigotedivetwees acd dfithe wistchiumms 008 wsed gasiple thegprebesonpoti twodkpiae
reaction product of a source gas).. For exanple, the reservoir my be
Cont | QUM 120(10e 54 RS I9BER ol POLRAR BrEke e e (o TBRIEE ! o
liquid gabddndme dut Lg'fa;&sﬁﬁb&ma@uﬂaceloifﬂféiv@r&p%& wiBstrite 3 ONETHRBROME BBEE miyig
reservoir may be contigured to hold one or nore solid materials, such as,

for exapgssed thiopghthe gisicolvoms 1Rbanrantodhg exhaust ling 9§ farempyal from;the deposition

per spect. ihe i W] r i tion.
Ao shoust el D e Yo B e B e G one D o Qb 08 Lt e
204, a dikmsabbdrasengachorfahs gas 206mna b cnfigmediiorsepplpthe prefhrsorcosms ahdiprre10 | s
configured to hald a Iigﬁj eagent therein. For exanple, a liquid netal
such as¥it®y amﬁsawavﬂs Fg d indium liquid alumnum etc., may be

di sposed within the container 210. A source gas, conprising for exanple,
GaCl3 and H2, may be supplied to the inlet 202. The source gas may fl ow
fromthe inlet 202 into the thernmalizing conduit 206. The thermali zing
conduit 206 nmay be configured to heat the source gas flow ng through the
thermalizing conduit 206 for a desirable amount of time (L e , a

resi dence tine),




11 which may be a function of the cross-sectional area of the flow path
within the thermalizing conduit 206, the flow rate of the source gas
t hrough the thermalizing conduit 206, and the overall length of the
thermali zing conduit 206. The thermalizing conduit 206 may be shaped and

configured to be |ocated proximte to one or nore active or passive

heating el enments, as discussed in furt®er detail bel ow. [ 0044]

Furthernore, the thermalizing conduit 206 may include one or nore curved

e M R S i SR

the thermali condu IS Sl ess e actual length
of the fdneenbatiimentsy © tgispblitehd warkpade spbatgteddd disetiudObundst ele sicasssivhieas way ,

| engt h  of thet mal i, zi duit 206 be |. h t est
i st anceotgun WC AR e SoB PR REn | Y hoSmit B dr b3 ey 106 76
enbodi nBohfigirbetol septbttan® huthib& of ReFpRcé Zibeht&ond frlpralGin¥hYn fimeat | east

about twi ce the shortest distance between the inlet 202 and the |iquid
cont ai n@pbogliments, thejagsgmplydN§mayiripgerithawerkpipe subpledd? along f lengd obeeveen

the inl gty ZR2 1@ HE %rﬂtpiegy ks QPG B Bfrthehbhifo®] 102y #RimdveasdiaRB Mnel OUr

times the shortest distance between the inlet 202 and the liquid container
210. Fomothenatplspeedttim endbles wadhi of ithegrecursdugasesaBaeratas bhthe comespendingrgas ne

configuratjo a i .G .2 hat 4 ncleudes a .pl ural.i f neral ly
par al | ellnjegi(’? ngﬁﬁoé;‘é;gp’li%nl@z R aet%l?té%f‘ S(‘)née eh“f)efrldl i“ﬁorgﬁgcglr%ﬁ&k%%érll% %gg'ﬁi on by
curved sefatd eiise whipiesuesttict NE dsdposed t@cagh of hé pitBitsors, a layer $fifat&]al Tae
therrraliz(;iﬂrgg_%gnduit 206 n‘%ﬁl conpr,i se a tuq that is at | east

subst ants EpPjted BYRs Meshracs o hervmrkpiee SPRStAts e al such as, for exanple,
quart z. 0046] .In sone enbodi nents, the, source gas nay | east
partial |y de@Bhhoses i Rrkipiach sunskair hid s Foy ’@@Hﬂﬁ’iotth@z@@.ml%‘mgé@aﬁpl e, in

enbodi Nyl of AMD GOwiG RO FRBRS IBOVRERERIUCBEhateAfl véidhe fuBcdFF@EHS MRY

deconpose in the presenCe of H2 into gaseous GaCl and a chlorinated gas
speci esworkpice sbstiatyr 1 18 xaaypesomplgbdogen chl oride gas (HCI) and / or
chlorine gas (C12).. [0047] The gases flow fromthe thermali zing
conduit 206 [PM2 tAepredoushy mentiopgd ongpanorg of the gas laigbtarsgedA. KRBt 1B, y

cut - ana i of the contaipgt i . . i ner 210
oot adato2l) e lepb 90k 108 aéég\?\rlaﬁﬁ?“‘ig{ ol il cihpolifEnS GRER! Ner
216. | ninjeb@rsaiehoibedidriiotat fwithl r88ren2e @MAIGS, 2 thivegh 2skrseoeembedimantgdinegal | y
cylindrjcal s e u(%éh each of the battomwall 212 an h op wal l
214 hashiecers Wanato B e AP RES ichide adfersaltbte Py SSAERIFS BaHS- such
that t heasii depNéalibn SoHal 6. AV 37628 bus fbhbrandiidihd ¥reSarldinehnlig@td fotholli a
t ubul ar[)_ . . The bottomwall 212, the top wall 214, 12

iquid reagent for reacting with a source gas (or a decomposition or reaction product of a source

gas). For example, the reservoir may be configured to hold a liquid metal or other element, such as,

for example, liquid gallium, liquid aluminum, liquid indium In some embodiment the reservoir may

be configured to hold one or more solid materials, such as, for example, iron, silicon, magnesium.

[0043] FIG. 2 is a perspective view of an embodiment of a gas injector 200 of the
invention. As shown in FIG. 2, the gas injector 200 includes an inlet 202, an outlet 204, a
thermalizing conduit 206, and a container 210. The container 210 is configured to hold a liquid
reagent therein. For example, a liquid metal such as liquid gallium, liquid indium, liquid aluminum,
etc., may be disposed within the container 210. A source gas, comprising for example, GaCl; and
H,, may be supplied to the inlet 202. The source gas may flow from the inlet 202 into the
thermalizing conduit 206. The thermalizing conduit 206 may be configured to heat the source gas

flowing through the thermalizing conduit 206 for a desirable amount of time (i.e., a residence time),



and the at |east one side wall 216 together define a holl ow body, the
interior of which defines a reservoir for holding a liquid reagent, such
as liquid gallium [ 0048] The interior space within the holl ow
contai ner 210 may be partially filled with a liquid reagent, such as
liquid gallium liquid indium Iliquid 3Iuninun1 For exanpl e, the container
210 may be filled with the liquid rea& nt to the level indicated by the
dashed line 220 in FIG 3, such that a void or space 222 is present over

the Iiquj.d reagen It i f ' £ omi : -he

t or mal B h 2 AR tcngt elof s SOM AR oF 1R Ao ARAS U G Rl B

| i qui d 208athe Mowwhit bf the sdueceomn thaduphrth2th&rmaAsingcomdnit 20Grand the ocesxalhiphgh of he
gases flow ng . out fromthe thermal.izin it 20 y .l ow t hr.ough the
Dot ¢ om e e spBi 2 They B anE SRS AL B B TPt P 5 3 Ky
conpri ScAdl frBLiflicab oRMrihRPadtive biigastidekdatihd Aémehts; adlstubsed @bfutthatdemilt ends
into the container 210. The tube 224 nmay extend through the Iiquid reagent
di sposelbleW-t hi n the container 210 to the space 222 over the liquid
reagent. The tube 224 may conprise a ni ne,tﬁ degree bend, such that an end
portion of tlA844]ybkurthgumass thafiegmabizing epndyit Qﬁmﬁémc@ﬁ%oqqoamoae?"éﬁéent. As
shown | oY QY 015 th LB dbh &Y

si dewal C@n%oﬁ% " gﬁlgggﬁlg%ﬁ Si g%‘i}hﬁ%%g@ 9‘?%‘%?‘?}9 theggﬁ?ﬁ%qg%of t he

| i qui d 206dgsiphificatly hest har thg asteal 1¢ngthw e fdw patly threugh theubamalidnggoniuie3ds t he
tube 224 through the aperture, 226.. The gas exiti may
be. i r oTpiHIEet ey Fedh o P SofRR 2Dp bl bt ek By MG Brae?

sur f acepedbvednhife dnicfl202knd ﬁ@g?md doftafieODI dn E@cintadintatybe iengthefdre nor e
conponents of the gases an

. the liquid.reagent. 0049] Eqr anpl e,
b GBFPAESE A BhmEn B SdtetAb S e Pt e Beain ey P A e
such - asgHR a0 dordthRer2941af Rad 3Bou Bt ABRQANROGSH:st Gistalt e/ befiRcg Bt eslt0Tasd 1 and
a chlori na‘tled gas species, within the thermalizing conduit 206, the |iquid

r eagent thedigid nontiiner @dAtaaeyrerat eass ahew fous s the shorigsti distanss betriesn thiinkeh2¢7ay

react w th, the.chl or ] . : LO the
t her mal zimfll n%ﬂ? u(‘)%]%’lﬂl %t“{egggﬁﬁ: Sg ?’garl’?npq%gﬁcfﬁtﬁ?rgﬁg %%@%ﬁ%@?&kﬁtggﬁiﬁgel Y,
t he | i qtinGigired@e s shoivh ii AG. Rethatdndiades e plupdify ofeggnaaiyparadlel dtiatghi stciiondi um

l'iquid al um num whi ch may res tively react. with the chlorin gas
speci escoPE'?%e.%, togqgnff n q“ﬁ'rt‘?fﬁ(ﬁ%ch,mwyaélu e a‘vﬁ"&ﬁﬁi ﬁ“?‘ﬁé a%%ga%éei 222 over
the |iqgedgoreagent within the container 210 may fl ow out fromthe

cont ai ner through an outlet port 228. For exanple, the outlet port 228 may
be | ocated ipoidle tipnhdalizird donahit bEmapadniirie s ubd Craoidet lchHsublsmniiationt al | y
extendi ng portion of the tube 224. The outlet port 228 may | ead to an
out | et ecmmiised ofzgeltacigry matraialgucine, 95 exaPleiditHe t he outl et 204 of the gas
i njector 200. 13 [ 0050] The various components of the container
210y be at |8646 swsemasmpedimpnisdheyouiesgapmavatiestpasiay Jecompass Withisthen as,

for ex Jnnﬁ;l];'z%g %@adﬁlllt 2!?_?1 ul;or e%agglglé,]m Qﬂﬁocﬁ%@nt&; i cPSe 90119(.%%&5 éﬂﬁﬁis@g G&uL sor

gas for'Tto y converting the excess chlorinated gas that
r esul t sarfdriyrihe GaCimhaydiecangss itt the pregdncGafil:3ni gaseoysGalhand h shlodmgitdayps GaCl3

ohl or rifeSE Ja2e Eo&%?aﬁ?p %nybﬁgi%%ﬁ%é%i%%&@@%og%lé@%y?C&ﬂgf- avoi ded,
Substrate 1100TR PN o e ol PR, CRplniEp 1P EIG £°

i ncl udeis af @fla@XE PRbBlly ENGREP Ol df @i @htaiiat DIV, N6 shéveiTi HIGE ) didw@ngiet 210m
nitride crystal lattice and cracking or del am nation of tge osited GEN
film | clderabogam w212 riap sl @i 4.¢8d &t lpash onerside vl 216.okn ?(%ﬂ?ﬂdQHSWB m ng

excess el 99{3&;%%4 Qbdr el 1R ob kil ﬁyﬁﬁzﬁicab’éﬁﬁ gGRh &t Qich SLHBBYIGRE a3 1 AN

etchant to a osited Ill-nitride Nayer within deposition system 100
t her ebyandabioprgll2hé hgraochlar shape and ipgidensprubsianiel nplaersped swihdhat dfe sidse

 her ebyanddtiuopig!LPlé hyrouetlar stepe . e
the 11 QU4 AL PSRV RE P ke TR R PLL D BP RERAS, 1

deposition system 100 may be i nproved.




100521 FIG 4 illustrates another enbodi nent of a thermalizing gas
injector 300 that includes the gas injector 200 of FIG 2, as well as
active and passive heating conponents for heating at |east the
thermal i zing conduit 206 and the container 210 of the gas injector 200. In
ot her words, at |east one heating elqunt may be di sposed proxi mate at

| east one of the thermalizing conduit '206 and the container 210 to heat at
| east one of the thermalizing conduit 206 and the contai ner 210 of the gas

i nj ector ,200. [.00 ho i.n b7 S

i nj ect oqnd%(‘ﬁ)ai iler?f:tloﬁﬁélge gg@é}ﬁ r%?%\ag?ﬁ%aaslgllh\% bﬁ%ﬁ%ﬁ%&@ﬁd@%&lsg@n@%m is

di sposegsemdihionhddigen Gl heagay,sucttisiliald gajhmee t hat is surrounded by the
thermalizing conduit 206 of the gas injector 200. [ 0054] The passive

heating el enpods] 30themyridi@pak Withasthe hollost cntairet 230 moniprpasidy Giledraiteai al s
with high emssivity values (close tq unj.t bl ack bod terials) that
are al skluidgsagsnb seh apjigHd gﬁhﬁpﬂﬁl“quéglﬂmglrﬁq‘i{%ﬂé@% &r e’{aﬂﬁm&ogﬁe\%ﬂw'}]a
envir OnERhay Helttfed WERH ﬂtéqiéﬁ{aqeégaﬁﬁs% Wdel RidRaied By fheRAHEA iD2BYS FREN3100.

S nma e

Such materi y include, for exanple, alumnumnitride (AIN), silicon
car bi desugisih@ a vaihor space@a2 daprereateoven e tyyid et wihipdhegonainey 2 1Yy Gpgtsues of
0.98, 0,92 _and 0. tiyel siootad i SEidagat | ng
ei erment 197032 LB e FABRE LNTI206 sk b njeced iR e 12 2R AT AT
heat i ngregdean®hiiin 22 onmiyied st Oh Als laaoon-liatidhgexamplentbe gaspd fowing odsdropobe t i oned

within the interiar, ce qof the si ve heati el for nper at ure
noni toré’ﬁ‘&laéiﬁ‘ag E‘Hﬁf‘?g&’aﬁﬁ ﬁ%‘gé@f’uqeﬁﬁ%f&%om ‘gﬂ%ﬁg%g&@@e&%‘sﬁ Sg%ngyl i ndri cal
t her M CouR)dfmdRY HeQuHRaS4 Hiaf B&HpricaH dledril@oRiaa SF he tieaillAig cehduiets 263 and
bet ween t he passive heating el ement 302 and the surrotﬁﬁg%igr%a;%her%al i.zi ng

condui t exiads nto the corftaies 8] 0.1 Fhedulen 134 cxiend SRR ety SROPHA
pass ! VenDEaiRg 28 RIELAIRY die: flk RRAE RAQNCThARe BUMHRLoRs nifklf ©

strai ght sections I zi ng conduit ) such enbodi nents, a

cyl i ndr degede btk swabcioas ph endpytidyenfgesiilbs 24 awitehés hasigentallyo virohe bayid yeagséir i cal

passi ve,heating._elenents and the Ct f 3 I 7 yt 206
surr oun‘é@g“’w "?ﬁgé ‘ﬁoﬂ W%rf/’ln?aﬁg’ r ipgogrﬁ;&egggg?%?feﬂ]% a ?lﬂ:g[ e é’& rfa?al r?'? E{SM%M
L0057] &hiesiaméﬂagﬂoﬁahgrﬁe garface ﬁftﬁﬁliqmidﬁﬁ@enla,l sach mmggsaaﬂbwﬁg througicthe tobe |
eating_el enent 4. The active heati enent 304 .may at st partially
sur r ountPAeidlisxis fhedyhy ?ﬁ&’ﬂ‘h‘i‘thiﬂ%‘? "ﬁ’ﬁmd‘i?r%ggri fhez@éesgﬁgmgﬁga\égﬁ{%#ﬁba ayz‘%o of the
gas i nj G&dcRH 0dPfom R apQHRe RNIRBLLETN UrRntel RvarTiht Vit st hojged agut 0304 nmay
be generally cylindrical and nay extend entirely around at | east a portion

of eachpromoteireactiprebstardnng gr werFgmponts of iy gasrs apdibe HAWdreaga:  as shown in
FIG 4. The active heating el ement 304 may conprise, for exanple, at |east
one of a resi0849lveForesanplg ierwhedimentain Wighibe peuscafsacompyiset @enttd sind a

radi ant _heat | I [ [ ' .

subst an‘fﬁ%lg@ggﬁcﬁragﬁ%& %%Q&ﬁ%%%c#g?@%éﬁtiﬁgﬁsg% ?@%G%(gg??%g el enment
302, anchidrirated @hs specibe aithinghethenmatizing 0endui 06 Hiwiiuidrese® within the corfaines

i nprove_t he efficiency of.the heatin ro S . Whi.ch th i heati ng
el ement 2%ﬂaya9?&lpflﬁ%ﬂ%§%§ﬁ“\1}gmﬁgﬂ‘§1W%P@%ﬁ%ﬁ%@@{'ﬁé\gg Sh e(gﬁg(g’%ﬁh%ll ng
condui t g 2@RdHithd tht SRFhalizie cORMItDVEGRHBA abdifbral paebusiacki Alteramivelyhbe

container 310 (or at least the liquid r,eapen ,%nd 9as olrungases cont ai ned
t her ei nliquid reagent within the container 210 may comprise liquid indium, fiquid aluminum which may

respectively react with the chlorinated gas species (¢.g., HCI) to form InCl, AICL. The gases within

the space 222 over the liquid reagent within the container 210 may flow out from the container
through an outlet port 228. For example, the outlet port 228 may be located in the top wall 214 of
the container 210 over the horizontally extending portion of the tube 224. The outlet port 228 may
lead to an outlet conduit 230, and end of which may define the outlet 204 of the gas injector 200.



[ 0058] The active and passive heating elenments of the thermalizing gas

i njector 300 nmay be capable of heating the thermalizing conduit 206, the
contai ner 210 and the source gas to tenperatures between about 500C and
about 1, 000C. [0059] FIG 5 illustrates another enbodi nent of a gas
i njector 400 of the invention. The gaz injector 400 of FIG 5 is simlar
to the gas injector 200 of FIG 2, an 3i ncl udes an inl et 202, and outl et
204, a thermalizing conduit 406, and a contai ner 210. The contai ner 210

may be as d i b in.relation to. .kl GS. 2 t.zl.ng conduit
206 is substdga alaﬂk? (R pSpolsag He B Ret1f h ib%ﬁé%s@n%{ﬂ’?@‘%% of FIG
2, excepnpkibatofhherrdctvey Maletidlisich SpReeiamplh) Guaeikt ends al ong a spiral path
(Le., has a spiral configuration), instead of having a serpentine

confi gurati qogsips HRERC! ARy bb e dedabie ph@ueaas fur fangoGaNt| Thuszy converting
[0060] As shown in FIG 5, enbodinents aof the inventign.may al so %&gl ude
an out ehe psassichigringed sapifeat mselesy frqm theymal deepmprziiion (i“’biﬁtgﬁs t SR Pbse

and pr %ﬁ?l}, aesgz{ soL %%%S) Er&(ﬁ ad A APGAE] i Uit ctdGRxaRd HidakaRhadpBEEs 1310 of

the gas In e outer housing 450 nay al so serve as an
addi t i othalepysitdchNimattiial gnay b dwoided; binge thagmemt pkdiprinplisd gasspegisdntradicedony ey

pur ge gases 0., r I tihes i y
et ddedie vaetemsPieges TRES Lmbrhs SARER, foop dlin@ PRy BRI ow
t hr oughexhi@lcOidt@poratuisifplodbOatomt iwpethe pilBummitade pptal lat6@ and dratiieg gut | et
port 454. In additional di ments.of .the invention, .an outer housing 450
may be iR OSHEWH@dé‘%g) ﬁlﬁ}-g‘gﬁéﬂiﬂ%éﬁﬁﬂe ]CE%%?S aﬁé““@j‘él%’%%?"é’%’%%r 300 of
FI G 4, p8hing Bﬁlcesbstrﬁ%fog&a&ﬂbﬂme%% QICHle PSS liydRgeMeiSid? el a0vs an etchant [(0061]

Wth continued reference to G, .5, in operation, a source gas, such as
GaCl3 adeposiied Uéﬂitéﬁlﬂslaﬁﬁ@’i@lilsd@?ﬁl%ltSﬁwIﬁQBO BB U RGP T RO Th an

| noom ngfdaut §ALSA of ESR-HIRR. FARHB o ERLh T SesP@lorHuR bclos oM

| ess than 50 m or even less than sccm e flow rate, however, may
be as gwalatheliqbidzalliz ts famadsdidiondl Gafs thperfTigienenobthe Senapition sxsipmpkd0 mpayybe
exanpl e, gregt er than or equal to 30 SLM The gaseous precursors, such as
Gad, Y& gas injector 400 through the outlet 204 at tenperatures

bet ween abo 0 .about 1, 000C.. A.pur as. .such_as. ni as or
it ur o of AT olfEh RSP R ar SueBHL O B HE B iDL IPOER, 012, O
450 t hr gughesithd @k i &dr 205 3f 3. , @rwdling asdve@nd bswive Rdatnpéonappersionbtaghy one
to five SLM and maintains _an overpressure jn.at |east t {nterior. of the
out er h¥lesstibe hsmalipikg consul 08 aad Bg FQ@W%?%&@‘E‘F g*ﬁd‘?)ﬁ‘?t?irg{bg*s (ftﬁ?r(%fﬂ‘f’ t he
outl et RQLL, o%@ﬁig%ﬁ@%le%ﬁﬂ[ﬁ%g%%i%&dﬁir&&n% alRak 8k F3hd therRBBARScnGODEh t he

outer housing FIG" 6 illustrates another enmbodinent of a
t her mal argl thgeogésner 2] Giotheat a5 Bast ohaef thedrmabizing cepslyit 2§ andithy coptet AHL ¢fal | v
simlar_ to t.he afod njector 400 of FIG 5, but wi thout the outer housing
454. Thits S RS> nj ect or 500 includes a thermalizing conduit 406 and a

cont ai ner 21 S previous esChl -k I, Bl Ly 0F - 500
further incl @8%@ ags Fq}ﬂ“@tm %Ciq‘aﬁ% ﬂge%%%b%ﬁfgre%% . %%IJ??Hgﬁlt% lr‘fgéryn@aecﬁllhg(i{nr?gpgas

i nj ect opasife dafing SethetBOR thal isdispobed withini amenamily plisdicabsphedhitigsugoendsdt s
| i ke those previously (?QSCI‘I ggd in rel abéfgn to the gas injector 300 of
FI G 4. bYthe rnilgipegondylid06 ot theigas WECF 460 of FIG 5 includes the

previously d[((a)?]gd{]l b%‘t?e I?a%éi{ren}?e;il:hgga tlblelggiﬁgbél r%a;p gea ftltllgagt S%Ls%anrr%gfly §0(1)112prised of

materials with high emissivity values (close to unity) (black body materials) that are also capable of

withstanding the high temperature, corrosive environments that may be encountered within the
deposition system 100. Such materials may include, for example, aluminum nitride (AIN), silicon
carbide (SiC), and boron carbide (B4C), which have emissivity values 0f0.98, 0.92, and 0.92,

respectively.



16 which is disposed wwthin a generally cylindrical space that is
surrounded by the spiral thermalizing conduit 406 of the gas injector 500.
The thermalizing gas injector 500 al so nay include an active heating

el enent 304 and an insulating jacket 306, as previously described in
relation to FIG 4. As previously discyssed, the active and passive
heating el enents of the thermalinng gzi i njector 500 nay be capabl e of
heating the thermalizing conduit 406, the container 210 and the source gas
to tenperat ween. a sF1G 7
illustrat esﬁﬁ‘%é LS 2l se?e?n%ngﬂ? g%ﬁoe(%quj%ﬁow eUse toﬁf’élrlu ect
dopant e p@bﬁﬁr&@éaﬁn@ﬂblﬁeﬁt 362 my kpheltey, andasﬁlemoeodpla?may'rbepcgifmnc&wﬂnn e 500

i ncludes an inlet 202, outlet 204, and a cont i ner cf af“@%‘ﬁw %lljs
descr i bRETPTsPRToLtHeghsi ¥ hepis clomeah ot ?mpﬂmalé%@f’% ring ang Snif p 502
may emﬂﬁﬁmﬁﬁl@ﬁ?bbcﬁlﬁleht@'eﬁiyhﬁ@%ai tﬁeﬁﬂlﬁo@%ﬁ@ oseibRkd(drdumgl $¥e Heltthg

thermali zing conduit 20 FIGS. 2 and he contai ner 210 may be

conf i gurlenent 303wsiddervern qvmmssnv@thaa\tmg@b?g@m pad tregurreypding thermplipingcondit o
l'iquid gjum num liquid indium In sone enbodinents of the invention the
cont ai ner 210 may be configured to hold one or nore solid materials, such
as, for exa ir : . gas

i nj ector gﬁ Jﬁlﬁéo Iﬁ%“ﬂaﬁ‘ﬁ 8@130%{8?4{%2‘8%%% dlg%agg?s\s/lge Pleeag{l% [r‘/llglgg[fﬂenr%ntﬁz such
as, for dlqaoaempivel; aridheouad bihewer thera biraight stotimeif tk&ﬁhermaﬁlzingm)ndmswﬁatm sarhj acket

306 previously descrihe nrelation to the inj.ec f

The hotTBAIRRRGF Cpisdtr) terasPp R e brar tred e BEN Ty RliafepfeSive®
cont ai rl%ngl&erﬁ&ﬁs ai thetR&itont BEE ﬂﬁtﬂlﬂlzﬁ@mbﬁduﬁtad6 lRsuaic)bytthe hatloper at ur es
sufficient to maintain the netal within the container 210 in the liquid

st at e. cylindrical psgpeispting deinede gas, such as gaseous hydrogen chlori de,
chl orine ordgaseous GaCl may be supplied from an external Bglﬂs source to

the inlet 208057 helhedbprmaligagearigieqtorf0 pise may Hehids prectypeding sl e
condui t &%&e%eh&r%& A theas%ﬂ{ Eh%oﬁauéc%f%%émm@a&hm 2dg t he

net al reagent wt e contwal ner OI‘ ma precursor gas 3
MCl , Feddid theetogtajner ﬂ{bofrﬂlﬂ%aﬁ igotorgée. huesp mblemhpcbmpnw,rthﬁﬁctiweh@bm ¢t 3640

through t out | The f t hrough
t he gas™f e%ef‘?)rlaﬁ%@%mﬁ%‘f%ﬁ%q 8‘[{?“% %Iie wrqung gge‘{l)s? 5?‘?{%‘1 %’%g‘?lggfiﬁéu nj ectors
of the ﬁemﬁmhg edhdsi S0EMdBOcoBindd 213 ab dohinveFiG. dofithe altiveteatingas t o
control the concentrat] o% of the el enments dep05| ted.fromthe d

pr ecur sAFmen, 394may eaparise T $XAIplg. Ao B AR IS Yrdieaineglement an m gt[V6067] As

descri bedighg é&ﬁengeaﬁh Qg h&mﬁ% elehfitMAlni iZdubfingaskd BYEREPHIeRf subfigtially
i nvention be used to inject gaseous group |1l elenment precursors and
group \,Sugpem%th@ ggsrimiecips0sthe passiye heating element 302, and the active heating element 304,

as shown in FIG. 4, so as to improve the efficiency of the heating process by which the active

heating element 304 and the passive heating element 302 heat the thermalizing conduit 206 (or at
least the gas or gases contained therein) and the container 310 (or at least the liquid reagent and gas

or gases contained therein).

[0058] The active and passive heating elements of the thermalizing gas injector 300 may
be capable of heating the thermalizing conduit 206, the container 210 and the source gas to
temperatures between about 500°C and about 1,000°C.

[0659] FIG. 5 illustrates another embodiment of a gas injector 400 of the invention. The
gas injector 400 of FIG. 5 is similar to the gas injector 200 of FIG. 2, and includes an inlet 202, and
outlet 204, a thermalizing conduit 406, and a container 210. The container 210 may be as described
in relation to FIGS. 2 and 3. The thermalizing conduit 406 is substantially similar to the



17 the workpi ece substrate 112 for depositing Il11-V sem conductor
materials using an S-ALD process. For exanple, in sone enbodi nents, the
thermalizing gas injectors of the invention may be used to convert GaCl3
into gaseous Gad! by thermal deconposition of GaCl3 in the presence of
hydr ogen, and by reaction of a chlori qgt ed species (e.g., HA, Cl12)
resulting fromsuch thernmal deconpositi‘on of GaCl3 wt h i qui d gal I'ium
and to inject Gad 1 onto the workpiece substrate 112 for the deposition of

GaN in

oxarpl o BRICRR G 206 IO HRERE bl AR AR NS St
be usedpdiio(i. gemraapﬁaltchﬂi@fanmp) irfsicadbEnrwing aperponting ordighraton, spdeesd8 gases
suppl i ed externall t s sources 114A, 114B, 114C, 114D (FIG 1), as
i ndi cat aﬂei»mag%’é i ‘?{%‘P&gﬁggv\s 107. For exanple, the group Il elenent
precur sor gener at ed as includi ng.one or, nbre grou III

el enent s ancﬁ; (ﬁsﬁiﬁ %Iése‘?mqﬁ%%?ts rthad?’egﬂg%lin%alﬁo lﬁﬁlé'dg as

hydr ogegy,&h 25d. dﬂle(ousék ﬁodéﬁ’a@%@ Y 8 ¢ 1 @fler@oBd/ind préte Iaemmhe( i
Imwdgalllum qui d al um num uid indium etc.) to form roupIII

pr ecur sbermylising sfmﬁlhit 406 mwgdhe W@lﬂeéﬂ ofcthe gag dnjeré @P9-n %“Fll‘io‘t‘ gmay g
0SS SR inEas Yo RIoBhe EORLDNB SR nlFSEDe BealRP kbRl hohliey fiRect 1O

FI GS. 8%\ roug ncentration of the precursor gases nmay be
t ai | or eghsésae.gf, purpe pges). deethnpknﬂlcoman&ng it reny iatiudhean inlgt perediand ep

conposi tion enbodlne onduit s 116 in u rality
of brani& gpq%%ﬂ\ sughy gl a gfﬁg‘@y g’?/ g tﬁftﬁu%m%n preceﬁlf[iéeoﬁls%‘t?o()rpﬁg%d from
the i nj gtRY sutldGodrt 4‘5he1ﬂwdam@hﬂ5embaﬁiﬁqenﬁzﬁae irk26onoin dute hoositi A 0snay 6 may
converge formng a sin as_stream as. i ndjcat %fl%%?/ di re tional, arrows

109, whPrevidedgn hegasiwpt ré’é’%tOSFKh@ e gadpie Y E—Eanf)o et 28 njedigfn g o]

As showp. i e fhGein®Mowd Precursor mxture including Gad]. and at |east one

of InCl and AICl may be forned using the injectors 102. For exanple, GaCl3

may be Convﬁgﬁﬁﬂ dtfhg%gl e?er&al&éﬁf F102% &n opdation! Dsodrck ighs udAfd Ball; kaA of
n

cent-brit 1 may be respectlvel converted to InCl or
Al C1 |nHaeBtexsdlecgabmm4Q(2®B)l@hthﬂm etYRowith anfin@ming flewiciiness thanilf0 whi ch

the precursor . m xture .include r re.my be
used i nCUPls SSpimeters perin WB I(sccm less@aam%agccg]a%eveﬁgb% %%ggy%c\%&t Egkﬁgﬁﬁ%? ece
su bist (rj alﬁ(ﬁ?veiz%rz mafb&as ghdater Itkmﬁ@nbfadﬁa"ré titegs pen nmmta;(ISLI\/[)esuph es fugempit,gaatee

i ncl udes Ga 1, the precursor ma e used | g one
or nore gqormq@p;p g‘%ﬁi&@e Afeals RErFUre: WB Ri) e ’éﬂfﬁ%ﬁsé@}%‘;@%ﬁ)%ﬁ?

18 over g oiRAL et @ntPanlrkd bedhQNRBbu SO T (aBor -1,0000C. | DPlirbd SO 8s OF an

al um num source) using a gas injector 102, such as that described wth

r espect NiffogeRIZERYT nixhte Jf nitegen gaid bydogsmeps S fpless thegegrhonsipe £ passed
over a fie 208 BHafihi

al um num sg%rg%éet%?hu or m t %ﬁc%?%% g) %a%fhﬁ(%ﬁg%glﬁgé %}efgiég%@r on source to
f or m t han Fepressute Bead Jeafidled infednad! tiGa@ierpoedng £56r ThapuBegdseritile byicpassi ng

at | east one en.chl gri nd chl orjne r I j rce.
[0071] #‘Wsﬁg#?églf(}/“gﬁg%ﬂfﬂitfg Sg Ftrﬁepur%en%?ﬁﬂ flfggg%%%%asﬁaﬂ&e :eag§ ﬁlone of
hydr ogegutéihogdinglesoand chl orine gas nay be generated fromone or nore of
GaCl3 and H2 using an injector 102 such as that described with respect to

FIGS. 3 and [Go6d|n FIGS 6 @RREEY Mothr drieddinént bhetheowiving gdslifjectadilitithanal GaCl
or an additional group D elenment precursor b r&e at %@ 'é;bt he
i nj ect oincludes a gomingasins SybseRtAly;sHnigE it e g%rmeﬂaﬁ‘éo 0%5%? A (T R
chl ori ngf,eloa38 ﬂﬁf@%@éﬁ% Eét&”ﬂoétmdl&ﬁ% {HRAfalRing GafduR, 406}1@& DERMikADOT ble or

hydrogen ga8 nay be reacte h galliumto formadditional GC . In
enbodi npwvisustndastribet heraia. géid g@ﬁ injeslor H0cfupher incluseeasaniet R aad aselet 204 or ned,

Cad, Ny g OGS OLASGeql: AT ARISASLAL GG LML, (AR Lol s eact ed

W t h at one 'um “al'um num or 1ron or m t tional group
L1 el efiesdprpi@slirdeaitibéd inaelatidmiGlthe gk Eliector 39@d]5EIGT helnf partgulab tirgsh

injector 400 of FIG. 5 includes the previously described cylindrical passive heating element 302,




126A and the second branch 126B of the conduit 116 converge, resulting in
m xi ng of the gases. [0072] In sone enbodi nents, additional gases

that may be used for doping the Il11-V sem conductor naterials nmay be added
to the conduits 116. As shown in FIG 8C, GCl 3 supplied to a first branch
126A of conduit 116 nay be m xed with % dopant gas supplied to a second

branch 126B of the conduit 116. Suitabl e dopant gases include, but are not
limted to, iron-containing gases, dichlorosilane (H2Si Cl12), silane (SiH4)

and SI|I n.tetra hI rlde ¢ r oF

condui t*iais TpoRg il Fata et TR S0RA Y sufubdld o PRty

pr ecur sehdeit 4 itid gan &JJGCG&GOO afﬂldﬁﬁmahhegjgasmjémrégﬁ elst rriap irfelude aB&:tive

[0073] In_ addition enbodi nts sh in FI D, .,a,condui t

i ncl udehstingdement %@Je%d amss Ko a6%, aﬁafets'ﬂ‘és Yfesesibert & retjﬁ@} @ﬂﬁﬁtls
may be SbRRsESsdubsedithd £E54 aﬂd’}ﬁsme Hehghd W @GRS thb2BAmallaiiBas I&forts00f orm a
gas conpr|5|ng a mxture of at least two of GaCl 3, I nCl3 and Cl13. The

conbi namiwbe epable of heating thewberpalidageanduitd0s. shogpatamectd and fhesauige 8% % o f or m
a ternagy %%M %Mef&m%dé anééb%ﬂ%ﬁém"éor exanpl e, InGN or Al &GN, and

gquarternaw group |1l conpounds, suc for exanple, AlInGaN. 19

[0074] The %@érgt hlgg;nom{rﬁg%%g?rﬂ@é% %Q@@G tInhsob i Oirbéﬁ’seﬁltoqn ekfbrmy be

enpl oyed in orm ng m con naterla y S-ALD
For  exadqphst,préchsonhioat wekpiergrubstrate pl2u I‘E’iel gaym;ebtoAﬁ_(Iﬁ igelodets lan ;< 282, an22,
124 for fo

the |11-V s gt f.the ALD wt h
oycl es i hrfhg aiepbaeia R arsRY decEb el S FRST ey "R stk
group | dtlaighf &mkiEis 562 rﬁ@de;@andlmﬁle @il 207 Lthe MonpiRe DIB@ pladoef @eth@maliziis or
and purge g be renoved the gas col ums 108 g ected %ﬁ t he
ehaniet SPRRE206S FIGS 7150 ht Thi Sopen T QR BAOoRRBERY 1o HAgraL T 58t sor
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| ayers, such as those of
maintain the metal within the contamer 210 in the Liquid state.

[0065] A source gas, such as gaseous hydrogen chloride, chlorine or gaseous GaCl may
be supplied from an external gas source to the inlet 202. The source gas may flow from the inlet
202 through the conduit 502 to the container 210, where the source gas may react with the metal
reagent within the container to form a precursor gas (e.g:, InCl, AICL, FeCl, efc.). The precursor
gas may flow out from the container 210 through the outlet 204.

j0066] The flow rate of the gases through the gas injector 500 relative to the flow rates of
the other gas injectors of the deposition system 100 may be selectively controlled so as to control
the concentration of the elements deposited from the dopant precursor in the resulting III-V

semiconductor material.

[0067] As described above, embodiments of thermalizing gas injectors of the invention

may be used to inject gaseous group HI element precursors and group V element precursors on o



[0075] At |east one of the assenbly 106 and the manifold 104 is configured
to establish novenent of the workpiece substrate 112 relative to the

mani fol d 104. The workpi ece substrate 112 nay be positioned on the
assenbly 106 and noved relative to the manifold 104 through a series of

i njection positions along the length of the manifold 104 (Le., positions
under |l yi ng each of the Iongitudinally1 | i gned gas injectors 102A, 102B,
102C, 102[» At each of the injection positions, the workpiece substrate

112 may ose St rou n r t he
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[11-V sen1conductor mat eri al 1 The grou el ement precursor

may be $fdrariawith iqnidzalivmmngio ije logteahfe‘éorhglﬁwgs sbsdli Lrdortae dppositien
thernalaﬁkﬂ?m%ﬁ§uhyg%%%grs of the invention, which were previously

descri be n sone odi nents, at |east one of GCl3, InCl3 and Al C13 and
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exanpl e, the mxture of gases may be forned prior to entry .into the gas
i nj ect oingludigg anc aranae Zrogp B1 clenoss angdong &% BIOFAFBEICHRISHS: PRRHBBHNE B 29S| Yich a%A

throug hh}%R)gen chioride (HCI) vapor, over a heated group HI element (i.e., liquid galliom, liquid
aluminum, liquid indium, efc.) to form a group III precursor gas, such as GaCl, AICI or InCl, as
described with respect to FIGS. 3 and 7. By forming the precursor gases as described with respect
to FIGS. 8A through 8D, a concentration of the precursor gases may be tailored for forming a IlI-V
semiconductor material having a desired composition. In some embodiments, the conduits 116 may
include a plurality of branches 126A, 126B, 126C for carrying different precursors to and from the
injectors 102. The branches 126A, 126B, 126C of the conduits 116 may converge forming a single
gas stream, as indicated by directional arrows 109, which may be supplied to the gas columns 108

(FIG. 1).

[0069] As shown in FIG. 8A, a precursor mixture including GaCl and at least one of InCl
and AICl may be formed using the injectors 102. For example, GaCl; may be converted to GaCl
nd

a chlorinated gas in a first branch 126A of conduit 116 and InCl; or AICk may be respectively

EQ

converted to InCl or AICl in a second branch 126B of the conduit 116. In embodiments in which
the precursor mixture includes GaCl and InCl, the precursor mixture may be used in forming one or
more of InGaN, InGaAs and InGaP on the workpiece substrate 112 (FIG. 1). In embodiments in
which the precursor mixture includes GaCl and AIC), the precursor mixture may be used in forming

one or more of AlGaN, AlGaAs, AlGaP on the workpiece substraie 112 (FIG. 1).

[0670] Referring to FIGS. 8B and 8C, two or more group Il element precursors, such as
two or more of GaCl, AICL, InCl or FeCl may be formed by passing GaCls, from an external source,



Such m xtures may be used to formternary and quaternarysem conduct or
materials on the workpi ece substrate 112. For exanple, a m xture of GCl3
and 1 nCl3 nmay be supplied to one or nore of the gas injectors 102A, 102B,
102C, 102D for formng InGN, InGaAs or InGaP on the workpi ece substrate
112 or a mxture of GCl3 and Al Cb may _be supplied to the gas injectors
102A, 102B, 102C, 102D for form ng Al égN Al GaAs or Al GaP on the workpi ece
substrate 112. A ratio of the gases in the mxture may be adjusted to form
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[0072] In some embodiments, additional gases that may be used for doping the III-V
semiconductor materials may be added to the conduits 116. As shown in FIG. 8C, GaCl; supplied
to a first branch 126A of conduit 116 may be mixed with a dopant gas supplied to a second branch
126B of the conduit 116. Suitable dopant gases include, but are not limited to, iron-containing
gases, dichlorosilane (H>SiCly), silane (Sitls) and silicon tetrachloride (SiCly). Optionally, a third
branch 126C of conduit 116 may be used to generate an additional group I element precursor or

additional GaCl, as described with respect to FIG. 8B.

[0073] In additional embodiments shown in FIG. 8D, a conduit 116 may include branches
126A, 126B, and 126C and one of GaCl;, InCl; and AICl; may be supplied in at least two of the
branches 126A, 126B, 126C to form a gas comprising a mixture of at least two of GaCls, InCl; and
AICl;. The combination of at least two of GaCls, InCl; and AICI; may be used to form a ternary
group TII compounds, such as, for example, InGaN or AlGaN, and quarternary group III
compounds, such as, for example, AllnGaN.,



anount of precursor gas to the workpiece substrate 112 to deposit a | ayer
of material on the workpi ece substrate 112. The deposition system 100 may
i ncl ude any nunber of gas injectors 102A, 102B, 102C, 102D for depositing
the desired thickness of the DIN sem conductor material or the plurality
of layers of different I11-V sem condqgt or materials on the workpiece
substrate 112. In addition, the workpi€ce substrate 112 nay be passed

t hrough the deposition system 100 any nunber of tines to obtain a
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of layers oﬂb@w f Z@g(r)ﬁltep(fsﬁop\?y%%%ﬁl@%@%ﬁr@'{%gr%%g%sﬁ gciel?@ll ity b% E@;g}é{{lﬁ ayet
addi t i onahodstfoshingtht SII-0f sehtieonidmt@maiaial byps-ALdn sfor exenpdd, temeethmlsmisnj ect or s

102A, 102B, 102C. 1 ma e used 1 ner at e ant. precursor .(.e.g.,
iron ch?“i‘ii‘l??%eeplt“l‘ggﬁ’)o(%é&]%g)\é 9y°%ﬁg%?gg§5 F‘E@m@&ﬁ% i isﬁ’émgrfcﬁlfj@ﬁwa )) that
nmay be 4seer hOALDIFOMUGCECI8s HOBdERS cxRsiflg theiwoPkpidtk @iBirQE 11 DRt Rastdhd | con
atons or ions) to the Ill1-V sem conductor material. During the deposition

pr ocessgrowhidl RiefyEner anshab aplse 2ioHD VoBeWHPb s@‘caﬁd’F‘??PfSPreaé'éﬁ’W & HRbther
subst a%ﬁﬁolrf{h_@tgé;%a]% ORRAS | 0PSonh&1ddS Fﬂe})exhdﬁsttﬂ}ﬁ 199 RARL veRBhAGhol ORI PREARL ed

into the conductor material belng deposited. In such
enbodi nertgsqupilll preayrsocind e at besssagpup § prévarsen| Fagh ddgrpetheyelnd 2 dg4nt

precursor i.n the gas injecgtor Q. inject t p

o060 B HEFIaR Hane ot ngeaiailey S Bfbiol MRARRAY) pRRERAF AT o 1o
12;1 W_B-Ygrgﬁﬂll.t@ﬁés I_Tnt@y ﬁ@;ﬁdﬂfo&n&ac&ysﬁfl gtllikf ddpbﬁ?drﬂl dysMnSl@ﬂ’:xﬁ'bnﬂ qusmed _ttmlmgssa){ftﬂeaw ng
a desired conposition or a plurality o ers, o =V s onduct or

mat er i aqp,em@%lﬁﬁVwaWﬁ@dl&mamare&aLwo M?@%ﬁflaﬁq ?é‘éﬁerﬂﬂﬁ)ﬂ]g ow h cycle
122 ”aysepﬂc'&)sﬁ@ﬁcfrt]& iRSialsO THE BREhbord sfpplisd to kiwedrkfibee!slibstrite ISP UGRIRBAEH S the

mat eri al . t he workpi ece substrate 112 noves along the |ength of the
mani f ol growtveyelns ey be tailored to fomn theglesinge Bl emicopdyctortmpicrighodhe ésed ubst r at e

112 ma . ! . i caltal! j i t he
12 BT SUPQURE d A53EE MO8 O SRR BT

el ement exampleuiths atetliod malyde weadkdp ifteme: bty ofitagers kR luding dlighsentieondetterespondi ng
gas col um, rou

08 and..t.he Al el.enent . be absor bed t he surface of
the worRPF&Ee Wﬁg@@%ﬁ@g&lﬁlons usef@(%‘i Vl‘%ﬁ%’ggssSuéggsetimsgr()fgrﬁlgﬁp 111 el ement
precur sor r ved fraomthe pi ece subsirate 112 b unpi.ng the
gases fr omnﬁﬁg%iur‘gtgg@t oFe ‘ffﬁ? ML@@“E %ﬁﬁ?"ﬁ@ 1%%?3 ctoﬂﬁ%lﬁé%l%teﬁ i gs
col UMSmdRGHOIMBSHEHplee: dubSradxNausihtivel thehe fifold 104r Th'gorpikcaray al so be
per formed between npi ng acts by exposi ng the surface of thg)é(ﬁ)rkpl ece

u .
subst r apstpe] l@@ayﬁ@ patifigpedpadhe assembly Higgol moyed (Rt fodbemagidd 1% e 112
th : : : i Lt heuyiqand th
Corond Tdhifh TR f BleBldnifociiOn iong TROIeH Bl Ot Mtk Bl 100 B o 11

osed to the
group @gleNyint eavk nf thp legindiullysligpidigasinipgtorhid2de tRd 193¢}, 40310k Ateam. ofThe

second | nject.or 102B i ht.rodu ffigGi t,.of .t Vv
el emntﬁlﬁh% Bt 1085’{@%““\’/\1%%%% S&@@%uﬁgtmra 3) 3%%05%;&% attﬁeeaS tg‘f? g p[l EI ement
react s sterhéht blteurgir@u fhelat leagt logggotp Vepmsint pecusvr bi thesuertyaigegas injedue 102A,

wor kpi ece _substrate 112 by the first jnjector 102A to f.grmthe first |ayer
of III-W@@W%%@%R?‘E%%?&YF%‘?@@@JLI %ﬁ?@?%‘?upg BT Oélag’f?élﬁﬁ‘il'ﬁlrs ecur sor

may be {APUEImbERANS fPoRE bRRGRRMEBS hiRkEe112. Dhe By Hpchds BB, POXRJi Ng, as
previously described. The ALD growh cycle 122 may be repeated any nunber

of ti mel)2Coli2itmenbermagemine teecntgf the prcyrsordlow ratgapd egmpopition/tosfer Bnduct or

materi ak_ . . 821 ALD grow h cycle 124 nay be perforned to
deposi t&easilr‘?sdelcl:lovnaér?%yer c@?%{%%ilv sem conductor material having a

conposi tion dhfferant j.h gﬂ;p]ﬂV m uct or
mat eri al . As[ﬂ{]i?g mﬁ%{)@g@ %%?%g%%ﬁy&%?ﬁ%@%?o?g{%“ veI etlo t ge\d%l%ni fold
104 t hrwsitgfenitodinsataif cheAhdbmghinng gpsmyjedtas $DHe invhionpwhiph were psavissslyat e 112
may be positioned under .the third injectaor 102C. third inectaor 102C
oy 1 nt e P RoupaR et e B GRCh-J80E i £03 Rt BB ot o
112 andgdshesu@h Qs bl N ardl ¥RAL b ThymaRzedbsiap BRGaonjdches HAAT BI2B, 0620, he2D

wor kpi ece substrate 112. )
P to form the group III element precursor (i.e., GaCl, InCl and AICl). In other embodiments, the



[ 0084] Excess gases or precursor may be renoved fromthe workpiece
substrate 112 by punping and purging, as previously described.

100851 After renoving the excess gases, the workpiece substrate 112 nay be
noved relative to the manifold 104 to a position under the fourth injector
102D. The fourth injector 102D may in boduce the group V el enent precursor
to the workpi ece substrate 112 and thé“group V elenent may react with the

gro?p 1] eIenent deposited on the surface of the workpiece substrate 112
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per f or NkAgeOe: E@ﬁﬁ&pre first ALD growth cycles 122 and, thereafter, one or
nore second ALD grow h cycles 124 may be perfornmed to forn1a desired
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cycles 122 4 my be tailored to control the thickness and conp05|t|on of

each | aspurceof bhethgdeshuignesdapwn imtlie art (o Rlegpwacoadiondpehgiquere Bussanele.ch
least one of ammonia (NH3), arsine (AsHs) and phosphine (PH;) may be thermalized to form the

group V element precursor.

[6678] In some embodiments of the invention, one or more of the gas injectors 1024,
102B, 102C, 102D may be used to generate a group III element precursor, such as GaCl, InCl or
AICI, and to expose a major surface of the workpiece substrate 112 to the group Il element
precursor. In additional embodiments of the invention, one or more of the gas injectors 102A,
102B, 102C, 102D may be used to generate different group III element precursors that may be used
to form group III nitride compound materials that include two or more different group Il elements
such as, for exampie, InGaN, AlGaN, InAlGaN, efc. By way of example and not limitation, first
and third gas injectors 102A, 102C may be used to supply one or more of GaCl (by converting
GaCls into gaseous GaCl by thermal decomposition of GaCls, and by reaction of chlorinated species
resulting from such thermal decomposition of GaCls with liquid gallium), InCl (by converting InCl;
into gaseous InCl by thermal decomposition of InCl, and by reaction of chlorinated species
resulting from such thermal decomposition of InCl; with liquid indium) and AICI (by converting
AICl; into gaseous AICI by thermal decomposition of AlCl;, and by reaction of chlorinated species
resulting from such thermal decomposition of InCls with liquid indium), and second and fourth gas
injectors 102B, 102D may be used to supply gaseous ammonia (NHs), gaseous arsine (AsHs), or

gaseous phosphine (PHs). Each gas injector 1024, 102B, 102C, 102D may introduce a sufficient



system 100. 100871 Rel ative novenent of the workpiece substrate 112
and the mani fold 104 enabl es conti nuous, sequential exposure of the

wor kpi ece substrate 112 to different precursors wthout |oading and

unl oadi ng the workpi ece substrate 112 froma reacti on chanber between ALD
grow h cycles, as with conventi onal systens, tenperature ranps,

cl eani ng, punp down, etc. The speed of"'the relative novenent of the

wor kpi ece substrate 112 with respect to the nanifold 104 nay be varied
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be construed as bei ng exhaustive or exclusive as to the scope of this
i nvent i rogult in the dopant beng incorporated into the -V semiconductor material being deposited. In

such embodiments, it may not be necessary to thermally decompose the dopant precursor in the gas

injector used to inject the dopant precursor.

[0080] By way of non-limiting cxampie, each of the ALD growth cycies 122, 124 may be
used to form a layer of the III-V semiconductor material having a desired composition or a plurality
of layers of III-V semiconductor material, each having a different composition. A first ALD
growth cycle 122 may be performed to deposit a first layer of IIl-V semiconductor material. As the
workpiece substraie 112 moves along the length of the manifold 104 through a first ALD growth
cycle 122, the workpiece substrate 112 may be positioned under the gas column 108 in
communication with the first injector 102A. The first injector 102A may supply the group III
element precursor to the workpiece substrate 112 through the corresponding gas column 108 and the

group ITI element may be absorbed on the surface of the workpiece substrate 112.

[0081] Excess gases or group Il element precursor may be removed from the workpiece
substrate 112 by pumping the gases from the surface of the workpiece substrate 112 through the gas
columns 108 connected to the exhaust line 120. A purging act may also be performed between

pumping acts by exposing the surface of the workpiece substraie 112 to the purge gas.

[0082] The workpiece substrate 112 may then be moved relative to the manifold 104 to a
position under the second injector 102B. The workpiece substrate 112 may be exposed to the group



24 [0089] FIG 9 is a top down view of a deposition system 100 |i ke
that shown in FIG 1 and illustrates use of the deposition system 100 in
nmet hods of formng structures including nultiple layers of different I11-V
sem conductor materials, in particular, a multi-quantumwel|l LED
structure. The deposition system 100 rﬁy be used to deposit GN, InN, AN
and Ill-nitride alloys. The workpi ece“Substrate 112 may conprise a

tenpl ate structure, such as n-type GaN naterial on a sapphire substrate.

The Ga ter al has inara o about 20
pm and n& FET’Cé‘JéStOF ?‘E’B q}’yﬁtﬁ%ﬁeﬁ%ﬁﬁl ooy Pﬁcon 860;8315%)%3%%%%\ BO& mat eri al .
;I'h e de ﬁ@ﬁbddc@ 2] sﬁﬁS%ﬁlﬁhibQﬁ)tl otee fle\S eldmb@ praveto meunakpibos sOEBstxatetllm ¢éhal ayers
not shown) on the GaN | ayer of the workpie sybstrate_ 112. For

exanpl ethe gfup p Yot reagte pth thgyzreup i, e dRp e i e Bﬂﬁ%@fé‘w’ﬁ’&‘mﬁ% whi ch
may CONPhLide: AR lﬁ%ﬁﬂsﬂnﬁ%f Imma'forﬁfm@ﬁfsmyér%fm esemidbhdiR tdr @Gl MRy be
conposed and configured to forma |aser diode, a transistor, a solar cell,
a NEMS, Exess.gases or grop@@%e]ménhere@l@mmambe reneaysd &ﬁmmwmwwuwm HPhEd at a

range ot BB G Bt IaRl PO b AR e RIS e

exanpl egungRs ofatdsae crease Mcmqs@bﬁtbﬂﬁm lager bf BiWVsameonducwr mategel. of from
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deposi ti on gp68x mAﬁlﬂhmn golvtiog ck IQHMaglbeprmmemmeo$ummerdiBOA
130B, 130D, 130E OF, each of f.or ture
i ncl udi ﬁ]ggée‘&cﬁﬁ“g‘ﬁof mafsrial haying a Oﬁﬁp?sﬁé’%?ﬁ%%‘ tﬁ*ﬁtﬁ’i&’? @firf%QXh of
the | ay@hScon@iiasrnsiedifil. @ Ak e WorkSibicGabtERt1aD iy ThéRA rddtive 8VihB mamfaaem fic
conposition. For exaﬂl e, the structure may be an LED device Iaé

st r uct utheough thespasod witreyglailedh the @@rkn@fwbsqawchla My Ge RPYEIRA R
|
ayers O@E %fggg&té&“ﬁz@a&ﬁ&% @th&q géc tnﬂag%drdahce%@ uPIlE ¥BRe @%Ms&rté a

| ayer p-type or me eposit1on system 100 nay I ncl ude
first athewotkpiede siéqsm 1 120md tlongrsuplBGAcmaB 018y boabsadpden the merfage philaAN

mat eri al secon dlnlfzourth deposition zones 130B, 130D for depositing a
GaN rmt BPFREC 98 deposi ti on zone 130E for depositi ng a doped p-type

Al GaN mat eri nd.a sixth deposition,zone 13QF for d ay ed
o type Gan r@{%ﬁ et of RER IR YR S Ram RS WP RBREL ANt SARRel
zones lﬁﬁpﬁ,mgla}ﬁ%mgﬁgoggpr&‘as@lyd@g&ﬁngSOF of the dep05| tion system 100,

al ternating exposures of an appropriate group Ill precursor and a nitrogen
precursor go85} | NtErQeHERAS the ekddes sdskipl O bsﬁb@@dtelmaa}u@ﬂa@«em t he
desired I11-V sem conductor materi a 0921 In_so e”bOd'”ﬁﬁﬁs’

t hi cknewlating totheymamfold Hid taagpyiden ynder the M%Wé?%‘? g fopsthy nuscioy |

depos ! tstﬁgy mMEhuce %egr&&QV Blefeht prdoutsBeo TR WhkpitceldBstrald 18 AREAL BRApS | N Whi ch
element may react with the group Il element deposited on the surface of the workpiece
substrate 112 to form the second layer of III-V semiconductor material. The ALD growth cycle 124
may be repeated any number of times to increase a thickness of the second layer of IlI-V

semiconductor material.

[0086] The thickness of the layer of TII-V semiconductor material formed in one of the
ALD growth cycles 122, 124 may depend on the precursors used and the speed of relative
movement of the workpiece substrate 112 along the length of the manifold 104. Any number of
ALD growth cycles 122, 124 may be performed to deposit a desired thickness of the [II-V
semiconductor material or to form layers of the III-V semiconductor materials having different
compositions. The types of precursors introduced to the workpiece substraie 112 by the gas
injectors 1024, 102B, 102C, 102D may be tailored to form the desired III-V semiconductor



assenbly 106 conprises a track or conveyor used to nove the workpiece
substrate 112 along a length of the manifold 104, the track may have a

| ength of about 100 neters to nove the workpi ece substrate 112 under a
sufficient number of gas injectors 102A, 102B, 102C, 102D to forma III-V
sem conductor naterial, such as an LE? device |l ayer structure, having a
thi ckness of 100 nm The deposition sy fem 100 may be arranged in a variety
of configurations depending on avail abl e space. In enbodi nents where the

deposition,system has a processin f : e, th
aboutl‘B@m¥€g%¢%H%%?%P@“@hﬁﬁiﬁﬁﬁcggéﬁﬁgﬁgxga%%#%ﬁégggate o(ﬁ‘éﬁﬁ%e layer ©
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t hr oughund ce@EEMEbngAsachddyerof WV tieeseplicondiciar ynatfiakiepesiiad vsing thy defiopifpred gas
col ums; esaagllshlng novenent of a substrate relative to the plurality of
subst ant?89 Y03 i gned gas col utms; and sequential |y exposing a surface of

the substrate to the group 111 elenent . h

precursor t dO¥& m Belgthe Wg’g@ﬁ‘fté’gm%{g@g‘%gﬁ%ﬁ%g Irl 1?5‘11% the Ef’%@i@f“&#ﬁ%ﬁ%t
2: The nREhRds Qbqueh@il Bxpbsurk WF ihb SorlgMiEe kitsiritg 1 B0 aReait pgoasgasitbaitpr i si ng
at least one group Il "element to generate the group Il] ele

pr ecur sloading and unldadiog g1 vravkpierersabirats: | 13 fremagearygn Btfa‘r@ﬁblﬁﬁﬁ‘i"?f’é‘nn{ﬂ% goWifer ei n
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materials deposited may be determined by a number of injection positions (i.e., positions under each
of the gas columns 108 corresponding to the gas injectors 102A, 102B, 102C, 102D) in the
deposition system 100 and the type of precursors introduced to the WOrkpiece substrate 112 at each
of these injection positions. Thus, the deposition system 100 enables accurate control of the
thickness and the composition of each of the III-V semiconductor materials. The deposition system
100 may be configured to deposit any combination of III-V semiconductor material layers, each
having a desired thickness and composition. The deposition system 100, and related methods,
further provide substantially increased throughput of [II-V semiconductor materials in comparison
to conventional deposition systems and methods, thus reducing fabrication costs. The deposition
system 100 further enables fabrication of structures including multiiple layers of TII-V

semiconductor materials, such as those used in IlI-nitride based devices, such as Laser Diede, LEDs

, high frequency and power diodes.

[0088] The following example serves to explain an embodiment of the present invention
in more detail. This example is not to be construed as being exhaustive or exclusive as to the scope

of this invention.



[ 0098] Enbodi nent 5: The nethod of Enbodi ment 2 or Enbodi nent 3, further
conprising reacting the chlorine with liquid galliumto form additiona
Gad . [ 0099] Enbodi nent 6: The nmethod of any one of Enbodi nents 1
through 5, further conprising increasing a thickness of the II11-V

sem conductor material by repeatedly gﬁposing the surface of the substrate
to the group Il elenent precursor and™t he group V el enment precursor.

[ 00100] Enbodi ment 7: The nmet hod of any one of Enbodi nents 1 through 6,

further co L Sh N0 L OW N n I ig| t Rl >
di sposed bm@ﬁ ?ﬂg '#i’srastf) 98@"%“ g% %ﬁ%ggﬁ’aﬁ? %%ﬂ%@c@g&ﬁ%g{% %‘gﬁ’&%‘n%ﬂﬁd
exposi nghdtitratedsde ofithe degosition syithg E)0ia snetleds efforrsing xoeasesgnauding thiiltiplee nent

precursor and _exce rouy el ement .precursor fromthe surf f the
LSt r ol ol Gifereyt B NS B OaP EreA, THELHEE ARSI SR LGP STuctire
Enbodi et @psiddarsQee 100 mah 8 8led (S@PUENGIRIhY, LXPAIINGitAdSalldyacEheof the
substrate to the group 11" el enent precursor and the group V el enent

pr ecur seprkpisrrpubgiaie 1@ pposPmgristrieaplefeguctar, LHbasulee Fakl@aisiabin g east one
of &xL U%B@ire sﬁﬁ;ﬂ’a{gc;l'hé BaR tf{]rﬁl R o tfieHes QNG roe O8%rbeh Yut 1T Eﬂi #%hoPE um

alumn o the surface o e substrate; and- exposing the at |east one of
gal | i unandinmgiberiecaina lyadoped withsitibsop peducin-type metgrifladée dépositien sygtssx I8t e t o

at | east one o i trogen,. arseni an osphaor ous. 0l .

Ebod: ot Dot iedoimh e RSP ne R RASSAN R MR G s el M8 S dsse o
sequent dukttaye EI2P 05F xgmpleSthe habe 1Hkrstnliey fonmb S badicoftaaletibestgimupwhith may enent
precursor and the group. V elenent precursor to forma III-Vanﬁen‘ifgﬁ(l)f?%uctor
mat er i afONEBsHA S Inadditiepal smbpiments Jhgachive EXFTF Mk PR FERposes and caniigyre

ni tri dey, i @odk bt stod, A9b1Be08] MENR, Bict ri de, indiumgallium
arseni de, 1 ndiumgalliumphosphide, alumnumagalluimnitride, alum num

gal I i um ar seghdie, L i i 0103ec ERbadi nment
10: The met ﬁg?ﬂgf g%?/iegéle o?yééénrggg?%ﬂ?gﬂlﬁﬁt&@fgﬁtﬁtﬂgw&#eﬁei n Sgg uentially

exposi rapoat F0TG mebow(750Wemnd alypsessuae i reegetdf dogyabay 1009 mdbareahoupf®®8ur sor and
the gr V el . f - \/. i : i
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about 180uniMcem to abouf 0IQ&h. Enbodi nent 11: The net hod of any one of
Enbodi ments 1 through 10, further conprising sequentially exposing a

surface of t[he9igubsiso@t embedimemt,er degotiym dykibmdDe map inchide e phusdity aihd

Ao e ot 2o oA, (3o, 350¢, 330! B0k IBER2 HFhich is useatS Brs 2 SR
including a plurality of layers on the workpiece substrate 112, each of the layers comprising a IlI-V
semiconductor material having a specific composition. For example, the structure may be an LED
device layer structure. In embodiments in which a structure including alternating layers of InGalN
and GaN underlying a layer of doped p-type AlGaN and a layer of doped p-type GaN is formed, the
deposition system 100 may include first and third deposition zones 130A, 130C for depositing a
[nGaN material, second and fourth deposition zones 130B, 130D for depositing a GaN material, a
fifth deposition zone 130E for depositing a doped p-type AlGaN material and a sixth deposition
zone 130F for depositing a doped p-type GaN material. As the workpiece substrate 112 is moved
through the zones 130A, 130B, 130C, 130D, 130E, 130F of the deposition system 100, alternating
exposures of an appropriate group III precursor and a nitrogen precursor may be introduced to the

workpiece substrate 112 to form the desired III-V semiconductor material,

10092] In some embodiments, a thickness of 1 nm of the desired III-V semiconductor

material may be deposited every one (1) meter of the manifold 104. In embodiments in which the



sem conductor material, the another I11-V sem conductor material having a
different conposition than the I11-V sem conductor material. 1001051
Enbodi ment 12: A method of depositing a sem conductor material,

conprising: thermally deconposing at | east one source gas within a
thermalizing gas injector to forma gr%up 1l elenment precursor; directing
the group Ill elenent precursor t owar #%a surface of a substrate t hrough at
| east one gas columm to absorb the at |east one group IIl elenment on a
surface of .th ubstrate; directing a.grou | n [ o] ward the
surf ac easﬁefmb?%g()és‘iﬁ’ﬁg’weitagmf’ﬁ Plb‘f?&ﬁeygguﬁegg)s?()%nt}c{? ﬁ%ﬁ‘gge&éss‘@é Eérjraﬁsatij ngt% antially
alig nedlleﬁg'th bf thé ﬁ‘f%%"{% gﬁ@ 'tEhr;oEﬁgl_( gas h@«f?ue%t]ﬁ of abﬁlﬂ:rmanie’tdrs\tom devduigfiar

mat eri al . odi men , e. net i ment :

f ur t hersubgrg | 12imder aspHiglepspinper H%g?éﬂ’é??f"r%]fo%h é&ix 8&%5%28F€E’ FR%Y o the

at | easlenfRAIHAS ntAriBudnd ah 'ﬂﬁnaéeyﬂc@m?ér seiQlRavERS tHiSkd48Ibf 100 nm. ThO0107]
Enbodi mnent 14: The nmethod of Enbodi menf 13, wherein establi shl,{r;}gl novement

of the depbsitionestystemd D@ iay be pwantehé ingg varielyof comigurghiensdispunding o @vailgble spaceeast
anot her : I . irshi t

ol at VB bR ERTR e8GR ARl BTk B ARKE RS br Blu 106 RUBS AR

col umm thé alsouplo0 squlaid metods (mAsand esumming.a deliver ratd 0B laFatsimictmen bf B0 The
met hod of

any. one, of Enbodipents 12 through 14, .wherein ther 2
decorrpo'%’?fﬁbp%{‘o‘freggis ‘YrEPey e ?j&aspgﬂf{f?ﬁ%ge %P’cfeﬁg’?en%qr i"??eﬁ Sp?q’r?j@ci %‘r P¥o form
a gr oupwhtby pe hOFERhicIPTsQGUbsEMiia VeReR oviigieeRbsing rdes Rpasmpnhleadd one of
Gl 3, InCl3, and A1C13 within the thermalizing gas injector to form at

| east Of&WP- Gad, InCl, and Al Cl1 and chlorine gas. [ 00109]

Enbodi nent 16: The nethod of Enbodi nent 15, further conprising reacting
the chlori nd08®8 whdditionel mandipitigy exagtplg grehedimesnty afthedpveppionirg dessERRdm  and
liquid l?él inumw thin the thermalizing gas injector to format |east one
of additional GCl, 1C, and AlCl. [ 001101 Enbodi nent 17: The net hod

of Enbodi neg‘tbo%ﬁeo% Ecﬁﬂg%}tge:ﬁ gétﬁod Iyﬁeh{;h?tglga%%féoﬁ&d}ﬂ)r gﬁ%ta!, B9 nidifoaGad 1

with at lea ndur m umnumand liquid iron within
t he t hetamgirisingniipvgasa gope i demt prommspthrougas firsbges colimineGa Gluxality$iGadl x,

and FeGad x... . 0011 Empodi nent 18: . The net hod ,of any on f
Fbod naTEiRHY Eigngth g copmIsy BEnh e BT LGRS dordReR ey
pr ecur slurfup¥@hé plarafiti df g tadfially Mighat gaateumhiy; estghliskihg neashend bfa gbstracol umMm
to absorb the at | east one group, 111 el enent on a surface of the substrate
conpri stelatiye fodhg plﬁt@hty of substantially aligned gas columns; and sequentially exposing a surface o

the substrate to the group HI element precursor and the group V element precursor to form a -V

semiconductor material.

[0095] Embodiment 2: The method of claim 1, further comprising decomposing a gas

comprising at least one group I1I element to generate the group Il element precursor.

[0096] Embodiment 3: The method of Embodiment 2, wherein decomposing a gas
comprising at least one group 111 element to generate the group III element precursor comprises
decomposing at least one of GaCls, InCly, and AICl; to form at least one of GaCl, InCl, and AICI

and chlorine.

[0097] Embodiment 4: The method of Embodiment 3, wherein decomposing at least one
of GaCls, InCls, and AICK; to form at least one of GaCl, InCl, and AlIC! and chlorine comprises
decomposing GaCls to form GaCl and chlorine.



28 at |east one of Gad, InCl, and AICL toward a surface of a substrate
through the at | east one gas colum to absorb at | east one of gallium

i ndium and al um num on the surface of the substrate. [ 00112]

Enbodi nent 19: The nethod of any one of Enbodi nent 18, wherein directing
at |least one of GaCl, InC, and AICl tgward a surface of a substrate
conpri ses exposing the substrate to | . [ 00113] Enbodi nent 20: The
nmet hod of any one of Enbodi nments 12 through 19, wherein directing a group

V el enent pr sqr taward_t surface-of the su . at | east
anot her gas @ﬁﬂﬁmﬁﬁ”&@ﬁﬂ?‘?‘ggs qﬁ??‘&@?ﬁﬂ?‘&f""f“é‘%%? Ogﬁél%g(?ﬁﬁ%' r gtgglﬁr, ar senic,
and phagphgkiay feat@WaRcCH desuihliraR @ffivihe fenbaldivahd Gadl.ough the at | east
anot her gas col um. [ 00114] Enbodi ment 21: The nethod of any one of

Enbodi ment s @dbo) hrigHssaim&h 6f Thé hRthoé 8N@iyicat BLEhbRIim@lt Fthagheh, fuehat one of
amoni a, arsine, and phosphine to generate the %r_o 8 V el ement {l)lirlﬁe ursor.

[ 00115] commppisies srresipa thigkaesnef s dlIDf seHgPRporgRaleE RetiRady ¥poRg Beigh 21,
furthe rsuffg%gp({f‘t}% suBstfattho P‘Jg A dpllfl e%ﬁetl?ﬁr@c&;or brltEthS %’1}82% Vadi@ndnPpraturtoRast one

purge gas to renove at t one of the group II ement precursor and

th \% - i s t er
[00136]  Embd PR ErBldRA o TnL Rl BEarkitnt SEEnBMibRs F RS0 T S

conpr i s¢ongpriging] fiveihg anypunde goa iwoughta third gasabiugmalispesed beieernhs fish gasicglmad t o

col armsaT Pyt R fgo i aa v S s ie R e piHE R Aok Bld B0RPGCS

t her mal digh&d p&&i’s&r%h@ 64c@8s OUTV einaer prevarsonfrarh theautfiverofitieisabstrgtecondui t; a
|l iquid container configured to hold a liquid reagent therein; an outlet;

and a pat hwagogn| eRdbatiEmérdt 8MThb thettiol ©F anytdie of Babsdiderith & tedghZi wereiondui t
to an interior space within the liquid contailgfr, and from t({‘ﬁ i nterjor
space wieapgntiallshexppsing a Frigemeidhsaibstraie oy ggonn 1Lhelemgpppreeursor 20d thg gOUR X o np| y

for novél%g%dg g&%&rr c@ﬁfg)rige@ &Pb%ﬁﬁ)ﬁlg sirfBe HBE §ubkithte to at least bROJAFACI BALD hdrent

24: The Ition systemo odi ment 23, wherein the thermalizing

condui t Al so sbsbbratytehst gneefigatlivmh indivn, ené plueénumypo dhesgefacant thisubstpiceandn| et
and the |iquid container. i: . 0 % E@do%giﬁ-[l ASOSIubinaR
system ?ﬁpoéﬂ%@lﬁ?ﬁ%%s?orfé)fg?ill%%lgé%éw&%m%r t Fﬁ%r Corrpcrsls Eiﬁng at | east one
| i qui d graplepst bdomliespentarsshichind phbgphbiogui d cont ai ner.
[60102] Embodiment 9: The method of any one of Embodiments 1 through §, wherein
sequentially exposing a surface of the substrate to the group III element precursor and the group vV
element precursor to form a I11-V semiconductor material comprises forming at least one of gallium
nitride, indium nitride, aluminum nitride, indivm gallium nitride, indium gallium arsenide, indium
gallium phosphide, aluminum galluim nitride, aluminum gallium arsenide, and aluminum gallium

phosphide.

[00103] Embodiment 10: The method of any one of Embodiments 1 through 9, wherein
sequentially exposing a surface of the substrate to the group III element precursor and the group v
element precursor to form a ITI-V semiconductor material comprises forming the 1k-V

semiconductor material having a thickness of about 100 nm.

[00104] Embodiment 11: The method of any one of Embodiments 1 through 10, further
comprising sequentially exposing a surface of the substrate to another group I element precursor

and another group V element precursor to form another IlI-V semiconductor material over the -V



29 [00119] Enbodi nent 26: The deposition system of Enbodi nent 25,
wherein the at |east one liquid group Il elenent conprises at |east one
of liquid gallium liquid indium and liquid alum num [00120] Enbodi nent
27: The deposition system of any one of Enbodi nents 23 through 26,
wherein at | east one of the thermalizing conduit and the |iquid container
Is at | east substantially conprised o@7quartz. [00121] Enbodi nent 28: The
deposition system of any one of Enbodi nents 23 through 27, further

conprising at |east o heat i | enent. di spose r.0Xi e at | one of
Che ¢ hot TP SRR TIECRaNG T SFRagHoiE e apvine » BteRpBopyBiibn

Enbodi n@mthggl-vﬂaﬁli@ﬁmrma@éﬁagystem of any one of Enbodi nents 23 through
27, wherein the at |east one heating el enent conprises a passive heating

el ement at |gegjs) Skbsddanintab] K rRQRRT éf28bsRing @ kerhie@alucOn@aefial douiPriiv 3
nitride, silicon carbide, and boron carbide. [ Q0123] Enbodi nent 30:

The depemally decoyppeing ¥fcasignesrrcaess it hemaliZbaeisiiaienio Sorm & gipy
conpri Séléel'gér;[t ectrS@S le&f?iﬁ% rﬂ%?rég%gﬁ%%meﬁ e@irsok RARED PRFFEASE ol Hhdn@W gl t

confi gur carry a so fromthe gas source to the inlet of the
at | easdt lasteont ey ewhinizio pbsogathe ahleast oas group I element on a surface of the substrate;

directing a group V element precursor toward the surface of the substrate through at least another
gas column substantially aligned with the at least one gas column to form a IlI-V semiconductor

material.

j00106] Embodiment 13: The method of Embodiment 12, further comprising establishing
movement of the substrate relative to the at least one gas column and the at least another gas

column.

[606107] Embodiment 14: The method of Embodiment 13, wherein establishing movement
of the substrate relative to the at least one gas column and the at least another gas column comprises
establishing movement of the subsirate relative to the at least one gas column and the at least

another gas column of a plurality of gas columns.

[00108] Embodiment 15: The method of any one of Embodiments 12 through 14, wherein
thermally decomposing at least one source gas within a thermalizing injector to form a group III
element precursor comprises thermally decomposing least one of GaCls, InCls, and AICl; within the

thermalizing gas injector to form at least one of GaCl, InCl, and AlCl and chlorine gas.

[00109] Embodiment 16: The method of Embodiment 15, further comprising reacting the
chlorine gas with at least one of liquid gallium, liquid induim, and liquid aluminum within the

thermalizing gas injector to form at least one of additional GaCl, InCl, and AICL
[06110] Embodiment 17: The method of Embodiment 15 or Embodiment 16, further

comprising reacting the GaCl with at least one of liquid induim, liquid aluminum and liquid iron

within the thermalizing gas injector to form at least one of inGaCl,, AlGaCl,, and FeGaCl,.

[00111] Embodiment 18: The method of any one of Embodiments 12 through 17, wherein
directing the group Il element precursor toward a surface of a substrate through at least one gas

column to absorb the at least one group III element on a surface of the substrate comprises directing



[ 00124] Enbodi nent 31: The deposition system of Enbodi nent 30, wherein the
at | east one gas source conprises a source of at |east one of GaCl3,

I nC13, and Al C13. [00125] Enbodi ment 32: The deposition system of any one
of Enbodi ments 23 through 31, further conprising at | east one purge gas
nozzl e di sposed between each of the gas columms of the plurality. [00126]
Enbodi nent 33: The deposition systen1é$ any one of Enbodi nents 23 through
32, wherein another gas colum adjacent the at | east one gas colum is

configured to recejiv t | t one purge gas. [00127 nbodi ment 34: The
deposit?gﬁm§§§95§W¢#ﬁ%ﬁ?“%gﬁﬁ&ﬁ” ﬁﬁ&ﬂﬁ%@ﬁ@%sﬁﬁ ‘%%%%%hgwfggﬁ%ﬁg?%Fn the at
| east oSBT af184st ¢HR \f BAllidn SH@H! aldanisihah iod GhelsOrfidaef MRRUBshE.
conprises a track systemconfigured to transport the substrate through a

series of inpegbl OfmRQkhidt 9PSTRS ABYod Bk RO Erbodirieit MR RieRitldircR s at
I njection position underlying one of the plurality of gas col ums.

[ 00128] leash enccafi§andil. el andoAlCl foavardhy sfareef agubsiialesemprIss EPags Histsubstigler t he
scope t%q%kﬁvention, since these enbodi nents are nerely exanpl es of

enbodi ment's 'of the invention, which is

[00113] Embodiment 20: The method of any one of Embodiments 12 through 19, wherein
directing a group V element precursor toward the surface of the substrate through at least another
gas column comprises directing at least one of nitrogen, arsenic, and phosphorous toward the

surface of the substrate through the at least another gas column.

[00114] Embodiment 21: The method of any one of Embodiments 12 through 20, further
comprising thermalizing at least one of ammonia, arsine, and phosphine to generate the group V

element precursor.

[00115] Embodiment 22: The method of any one of Embodiments 12 through 21, further
comprising exposing the surface of the substrate to at least one purge gas to remove at least one of

the group I element precursor and the group V element precursor from the surface of the substrate.

[00116] Embodiment 23: A deposition system, comprising: a manifold comprising a
plurality of substantially aligned gas columns configured to direct one or more gases, at least one of
the substantially aligned gas columns configured to receive a group III precursor gas from a
thermalizing gas injector comprising: an inlet; a thermalizing conduit; a liquid container configured
to hold a liquid reagent therein; an outlet; and a pathway extending from the inlet, through the
thermalizing conduit to an interior space within the liquid container, and from the interior space
within the liquid container to the outlet; and at least one assembly for moving a substrate relative to

the manifold.

[00117} Embodiment 24: The deposition system of Embodiment 23, wherein the
thermalizing conduit has a length greater than a shortest distance between the inlet and the liquid
container.

[00318] Embodiment 25: The deposition system of Embodiment 23 or Embodiment 24,

further comprising at least one liquid group IH element within the liquid container.



30 defined by the scope of the appended clains and their |egal
equi val ents. Any equi val ent enbodi nents are intended to be within the
scope of this invention. Indeed, various nodifications of the invention,
in addition to those shown and described herein, such as alternate useful
conbi nati ons of the el enents describe% wi || becone apparent to those
skilled in the art fromthe descripti H. Such nodifications are al so
intended to fall within the scope of the appended clainms. 31 CLAI M5 Wat

is clained is; . A nethod. of .depositi ) - ial,
conpri si ng: [ﬁ?]d\ﬂ anm}éO]aﬂ?% gg 1 J?Ii(‘)e %elp%% SYBPR& 3 g%“%?&’ﬁg}#tgﬁgﬁﬂ%@ ?:hres Iegslzats
col um @k liduidlgkduliltelenht Gripsibarnt icadt bite of lig@ilagligas liqdd indns, and liquid
aluminum.
[00120] Embodiment 27: The deposition system of any one of Embodiments 23 through
26, wherein at least one of the thermalizing conduit and the liquid container is at least substantially

comprised of quartz.

[00121] Embodiment 28: The deposition system of any one of Embodiments 23 through
27, further comprising at least one heating element disposed proximate at least one of the

thermalizing conduit and the liquid container.

[00122] Embodiment 29: The deposition system of any one of Embodiments 23 through
27, wherein the at least one heating element comprises a passive heating element at least

substantially comprised of at least one of aluminum nitride, silicon carbide, and boron carbide.

[00123] Embodiment 30: The deposiiion system of any one of Embodiments 23 through
27, further comprising: at least one gas source; and at least one gas inflow conduit configured to

carry a source gas from the gas source to the inlet of the at least one thermalizing gas injector.

[60124] Embodiment 31: The deposition system of Embodiment 30, wherein the at least

one gas source comprises a source of at least one of GaCls, InCl;, and AlCL.

[00125] Embodiment 32: The deposition system of any one of Embodiments 23 through
31, further comprising at Jeast one purge gas nozzle disposed between each of the gas columns of
the plurality.

[00126] Embodiment 33: The deposition system of any one of Embodiments 23 through
32, wherein another gas column adjacent the at least one gas column is configured to receive at least
one purge gas.

[00127] Embodiment 34: The deposition system of any one of Embodiments 23 through
33, wherein the at Jeast one assembly for moving a substrate relative to the manifold comprises a

track system configured to transport the substrate through a series of injection positions along the

length of the manifold, each injection position underlying one of the plurality of gas columns.

[00128] The embodiments of the invention described above do not limit the scope the

invention, since these embodiments are merely examples of embodiments of the invention, which is



flowing a group V elenent precursor through a second gas colum of the
plurality of substantially aligned gas colums; establishing novenent of a
substrate relative to the plurality of substantially aligned gas col unms,
and sequentially exposing a surface of the substrate to the group |11

el ement precursor and the group V eleggnt precursor to forma lll-V
sem conduct or material . 2. The thod of claiml, further conprising
deconposing a gas conprising at |east one group IIl elenment to generate

the gro ]l elenment,.precursar, . 3...The thod Qf alm.2, wherein
decorrpo‘gq%%‘] by t§%§"°8%%‘£? arrRdediclgims.aqd thgitlegd 8%“? 311€nt%' é% & r?é{r‘f? bl??g gener at e
the gr ogpholdinhen® RERBRIRT 168 GU WG (BOWPHE felsis tremivno fidogl, asridue artlifioaions bf
GaCl3, InCl3, and Al C13 to form at |east one. of Cl, Ind, .and AICl and a
chi or i nie eentisaci eddition to thosg shoyeanddeserbeddiorel sheh a5 altgrpaty %ﬁeﬂﬁdec onmposi ng

at |eas Yt ‘Eg{EJEE i i bsel sRASd indh€arfrortpdifel ,

I nd , é%yy%%§ﬁiﬁl a éﬁ#§$%§g?§£q%@gg%gg%g%%%?F?gs deconposing GaCl 3 to

f or m Gadgscriptidn.aSwh i fivatiens aspa ingnded to fall vgthinihe sGppe plole agperdedicipims.
further conprising reacting the chlorinated species with liquid galliumto
form additional Gd . 6. The nethod of claim 3, wherein the
deconposi ng at | east one of GCl3, InCl3, and AICl3 to format |east one
of GaCl, Ind, and AICl and a chlorinated species conprises




32 deconposing at |east one of GaCl3, InCl3, and AIC13 to form at | east
one of Gad, InCl, and AICl and at |east one of hydrogen chloride and
chlorine gas. . 7. The nethod of claim1, further conprising '
increasing a thickness of the Ill-V sem conductor material by repeatedly
exposing the surface of the substrate_to the group Il el enent precursor
and the group V el ement precursor. 31 8. The method of claim1, further
conprising: flowing an purge gas through a third gas colum positioned
between the first gas colum and tth nd gas col um; and exposing the
substrate to the purge gas to renov é&%@ss group Il elenment precursor
and excess group V el enent precursor fromthe surface of the substrate.
9. The YBadea#eddfai m 1, wherein sequential |y exposing a surface of the
substrate to the group Il elenent precursor and the group V el enent

precur sor conpri ses: exposing the surface of the substrate to at
| east one ofl. GaCh methes of dapasiinga sqrgceeiPhMAETIRle SURPIERS: of gal | i um

i ndi um ﬁl%gﬁg% ng}nﬂeﬁbgff'i %egfﬁnli E{%]c : r{'f | uﬁ%lpi fiksp Bas Rt SXaSplu@RE of substan8XBOSI NQ

t he at _ and al um num absorbed on the surface
of the substalighel gas celumingast one of nitrogen, arsenic, and phosphorous.

flowing a group V element precursor through a second gas column of the plurality of
substantially aligned gas columns;

establishing movement of a substrate relative to the plurality of substantially aligned gas
columns; and

sequentially exposing a surface of the substrate to the group III element precursor and the

group V element precursor to form a ITI-V semiconductor material.

2. The method of claim 1, further comprising decomposing a gas comprising at least

one group III element to generate the group III element precursor.

3. The method of claim 2, wherein decomposing a gas comprising at least one
group III element to generate the group I element precursor comprises decomposing at least

one of GaCls, InCls, and AlCI; to form at least one of GaCl, InCl, and AICI and a chlorinated

species.

4, The method of claim 3, wherein decomposing at least one of GaCls, InCls, and
AICl; to form at least one of GaCl, InCl, and AICI and a chiorinated species comprises

decomposing GaCl; to form GaCl and a chlorinated species.

5. The method of claim 4, further comprising reacting the chlorinated species with

liguid gallium to form additional GaCl.

6. The method of claim 3, wherein the decomposing at least one of GaCls, InCls, and

AIC}; to form at least one of GaCl, InCl, and AICI and a chlorinated species comprises



10. The method of claim 1, wherein sequentially exposing a surface of the
substrate to the group |1l elenent precursor and the group V el enent
precursor to forma Il11-V sem conductor nmaterial conprises form ng at

| east one of galliumnitride, indiumnitride, alum numnitride, indium
galliumnitride, indiumgalliumarsenide, indiumgallium phosphide,

alum numgalluimnitride, alum num gal3lzi um arseni de, alum numgallium
phosphi de, alum numindiumgalliumnitride, alum numindiumagallium

C1 ar m aSecaBr T sl e B et TR Brs fuest ons S heat A% e

group |l 481-a8RAEL oPh RIS QhloAide atdéhl&HRURAs.Y el ement precursor to forma
[11-V sem conductor material conprises formng the Il11-V sem conduct or

material having a thickness of |ess than about 1000 rim 12. The
met hod of claim I fusthB%EoRpAYHRR il Alabie § MROSIA DA SHI-Vace of
t he substrat7<6él to%ialﬁ%#hmglra%gfgggm {uﬁhel gﬁ@nt rec&rls%r and eanot her group V
el ement sepri@aducar materidl by nepast lyexpoding te sefice ofidta stbstraiede teiggdupdiler t he

[11-V sem c?nduct or eri al 5 tihe 2not Qr%rr I11-V sem conductor materi al
havi ng A“Bf T PEFERPT DEPHY S TRENPERESPT 1 - v semi conductor material .

13. A deposition system conprising: a manifold conprising a plurality of
substantially aligned gas colum onfigured to direct one or nore gases,
at | east oné-of tlhempHvdoielfnd, PHETPY'&l ity configured to receive a

gr |°UIt0 | fidwiBk 86 P2 baOBfoukh QMR $43 @6 RRN posBn GRSl éth AR St SR PNt aAg thean
inlet;
second gas column; and
exposing the substrate to the purge gas to remove excess group I element precursor and excess

group V element precursor from the surface of the substrate.

9. The method of claim 1, wherein sequentially exposing a surface of the substrate to
the group 11 element precursor and the group V element precursor comprises:

exposing the surface of the substrate to at least one of GaCl, InCl, and AICI to absorb at
least one of galiium, indium, and aluminum to the surface of the substrate; and

exposing the at least one of gallium, indium, and aluminum absorbed on the surface of

the substrate to at least one of nitrogen, arsenic, and phosphorous.

10.  The method of claim 1, wherein sequentially exposing a surface of the substrate to
the group IMl element precursor and the group V element precursor to form a II-V
semiconductor material comprises forming at least one of gallium nitride, indium nitride,
aluminum nitride, indium gallium nitride, indium gallium arsenide, indium gallium phosphide,
aluminum galluim nitride, aluminum gallium arsenide, aluminum gallium phosphide, aluminum
indium gallium nitride, aluminum indium gallium arsenide, and aluminum indium gallium

phosphide.



a thermalizing conduit; a liquid container configured to hold a liquid
reagent therein; an outlet; and a pathway extending fromthe inlet,
through the thermalizing conduit to an interior space within the Iiquid
container, and fromthe interior space within the liquid container to the
outlet; and at |east one assenbly for noving a substrate relative to the
mani fol d. 14. The deposition sy§§en10f claim 13, wherein the
thermalizing conduit has a length greater than a shortest distance between

the inlet and the |iqui ont ai ner. . 15. The.de L1 f
cl'aim 15, T helneBRSr Rl Yissgp smeniy R aCURGTET RN S SHBRAR A 1
tC gtram Ir : 314& gmt piml @le{iﬁﬁﬁ prm]?gof@hﬁd ﬁlg%'rcﬁ{plv elaﬁlkxluqma:ukdoqw formgadligy | 11 el ement

es at |east one o i qu ' i.quid indi L.qQui
al umi nwgmicogductor material comprise(sq fclmninggathe IIIlil- serrlligolﬂdgctlornlglgtlé]%l h%\rzllglg laltlﬂglén%ss

of less than about 1000 nm.

12.  The method of claim 1, further comprising sequentially exposing a surface of the
substrate to another group III element precursor and another group V element precursor to form
another [1[-V semiconductor material over the [1I-V semiconductor material, the another III-V

semiconductor material having a different composition than the III-V semiconductor material.

13. A deposition system, comprising:

a manifold comprising a plurality of substantially aligned gas columns configured to direct one
or more gases, at least one of the gas columns of the plurality configured to receive a
group I precursor gas from a thermalizing gas injector comprising:
an inlet;

a thermalizing conduit;

a liquid container configured to hold a liquid reagent therein;

an outlet; and

a pathway extending from the iniet, through the thermalizing conduit to an interior space
within the liquid container, and from the interior space within the liquid container
to the outlet; and

at least one assembly for moving a substrate relative to the manifold.

14.  The deposition system of claim 13, wherein the thermalizing conduit has a length

greater than a shortest distance between the inlet and the liquid container.

15.  The deposition system of claim 13, further comprising at least one fiquid group III
element within the liquid container, wherein the at least one liquid group IlI element comprises

at least one of liquid gallium, liquid indium, and liquid aluminum.



16. The deposition systemof claim 13, further conprising at |east one
heating el enment di sposed proxinmate at | east one of the thermalizing
conduit and the liquid container. 17. The deposition system of
claim 13, wherein the at | east one heating el enment conprises a passive
heating el enent at | east substantiall§4conprised of at |east one of
alumnumnitride, silicon carbide, and“boron carbide. 18. The
deposition system of claim 13, further conprising: at |east one gas

source; and at |east_on as.lnflaow c i ! [ a source
gas fromt hel%gas Sﬂ?pcog%[og SY%eem Pnﬁgltm g‘?’(}%r a&é@%ﬁﬁgﬁﬁé&nﬁy %Fa 5i zi ng gas
i nj ect oflement disposed Proxihsie deleas ohé ofths geteatizidfg cohdiitanti@he liied edntaitdre at

| east one gas source conprises a source of at |east one of GaCl3, InCl3,

and AlCl3and a purge gas conprising at |east one of nitrogen gas and

hydrogen gasy7,  The dgp%@iﬁom?stélﬁ BOStt 03) viieEdieiRe @f lefdt 3héThékBing WRGEAH N
anot her gas columm adj acent the at |east one gas_colum is configured to
recei vecoatprisesegspasgmehgsting eleggat at least substantially comprised of at least one of aluminum

nitride, silicon carbide, and boron carbide.

18.  The deposition system of claim 13, further comprising:

at least one gas source; and
at least one gas inflow conduit configured to carry a source gas from the gas source to the inlet of

the at least one thermalizing gas injector.

19.  The deposition system of claim 18, wherein the at least one gas source comprises
a source of at least one of GaCls, InCls, and AICL; and a purge gas comprising at least one of

nitrogen gas and hydrogen gas.

20.  The deposition system of claim 13, wherein another gas column adjacenf the at

least one gas column is configured to receive at least one purge gas.



