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GALLI UM RICH GALLIUM NI TRIDE FI LM Techni cal Field The present invention
‘relates to the manufacture of materials suitable for use in |lasers; 5

ul travi oM 9%%%HE detectors and hi gh power nicrowave traRSTAUBHIERY | ces.
More parti cul arlé, the invention relates to a process for the manufacture
of a gal |PROGESSHEOR MANUFACTURING AMGALLIUM RICH GALLAUMr ed by

t he process. Background of the Wmﬁﬁh liumnitride is a materi al

wi dely used in the construction , let and white light io
emtting diodes, blue |aser diodes, ultraviolet detectors and hi gh power

m cromagléeCW%\'sﬁ'g%r devices. Present galliumnitride device technology is
based on what in the literature is nomnally described as single crystal
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to stoi %@f?ﬁt@??@&fﬁﬂ?‘ﬁ‘%@?‘ T%%%%H%{’y ﬁ’r‘?é’r?%ﬁg% of deposition of gallium
nitride.q At houggﬁgﬁ?ﬁn sing the aforenenti oned conventional processes

i ncl udesB%FlﬁgJPU ects, it is normally considered single
crystal Qﬂilo material . However, substrates made of sapphire or silicon

car bi de FAHHHR pEisapaipagladdy useddp theronseentionaf plist violst andhvhitlighsn of
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requires growh strategies that reduce defects gener e m snatch
An at onitiEnggacdayifeBet ween the substrate and galliumnitride film Buffer
u.ayers are often 25 used as one strategy, though epitaxial |ateral

over gr oRresertHatgm niride devics teamwidpyris basdeors vt intthe Htcenturs tis adrapwlly

el ERRe! & ALl SR Sl EhSelol oL TBAAR wBOUIECTRES
at hi ghsapphjrerat siliesn ahibalcentbairdtss, by alegf LR diHebical ivap&e NPposition e
rest :?t ar("I;[/IOCVD) or molecular beam epitaxy (MBE) techniques. These processes are normally

run under conditions which are as near as possible to stoichiometry. It has been found that

the closer the reaction rﬁixturc is to stoichiometric conditions, the higher the rate of

deposition of gallium nitride. Although GaN made using the aforementioned conventional

- processes includes a large number of defects, it is normally considered single -crystal

20 material.

However, substrates made of sapphire or silicon carbide tend to be expensive so that the

cost effective application of present devices is limited. Film growth on these foreign
substrates also requires growth strategies that reduce defects generated by the mismatch

in atomic spacing between the substrate and gallium nitride film. Buffer layers are often

25 - used as one strategy, though epitaxial lateral 0vergfowth (ELOG) represents another
more sophisticated strategy. Requirements for greater reduction in defect formation

' fequire more sophisticated, more expensive teéhniques, such as ELOG, be applied.
Growth at high temperatures also entails a large expenditure in temperature resistant

_ growth equipment and ancillaries. Considerable savings and expansion in device use can
% potentially be achieved by lower temperature growth, say below 650° C, on less
~expensive but tempe_,rature‘ sensitive, substrate materials such as silicon, glass or quartz,
with or without a buffer layer of Zn0O. Growth on ZnO would be advantageous singce it is

more closely lattice matqhed to GaN, for growth on ZnQ temperatures below 650° C are




growt h equi pment and ancillaries. Considerabl e savings aB#iFekpansi®d in
devi ce use can 30 potentially be achieved by |ower tenperature growh, say
bel ow 6500 C, on |less expensive but tenperature sensitive, substrate _
materi-al s such as silicon, glass or quartz, wth or without a buffer |ayer
of ZnO G owh on ZnO woul d be advantageous since it is nore closely

| attice matched to GaN, for growth on 2nO tenperatures bel ow 650 C are 21
February 2007 2 necessary. However, it is well known that GaN nateri al
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speci al rra%é‘flrfa%&nﬂlnﬁr%‘&?%%ﬁﬁnﬁé@ﬂ%w bovgallivme rivhbisecnaseest tee goait
these hi ghddsefption af &6 salliug, N0t ideal Iy matched to GaN.  Expensive .

nmet hodol ogi es nust therefore be applied to overcone this msmatch in atomc

spaci ng. Ohe ' I e preferred but can only be |
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of- the ab ' tages. Sunmary of the | nvention ing to a rst
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xpetisive methodologies must therefore be applied to overcome this mismatch in atomic

spacing. Other materials such as ZnO would be preferred but can only be accessed at

lower temperatures.

Object of the Invention

It is an object of the present invention to overcome or substantially ameliorate at least one
of the above disadvantages.

B

Summary of the Invention

According to a first aspect, there is piovidcd a process for the manufacture of a
gallium rich gallium nitride film, comprising;

- (a) preparing a reacﬁoﬁ'm_ixtme containing a galiium species and a nitrogen spbcies, the
gallium species and the nitrogen species being selected such that, when they react with
each other, gallium nitride is formed; and

- (b) growing the gallium rich gallium nitride film from said reaction mixture, by allowing
the gallium species to react with the nitrogen species and to deposit gallium nitride on a
substrate, at a temperature of from about 480°C to about 900°C and in the presence of a
gaseous environment in which the partial pressure of oxygen is less than 10 Torr,

wherein the ratio of gallium atoms to nitrogen atoms in the gallium rfch gallium nitride
film is from .01 to 1.20. | |




gal I i um speci es and the nitrogen species being sel ect ed auE&brubt200@hen
they react with each other, galliumnitride is fornmed; and - (b) grow ng
the galliumrich galliumnitride filmfromsaid reaction m xture, by
allowing - the galliumspecies to react with the nitrogen species and to
deposit galliumnitride on a substrate, at a tenperature of from about
480C to about 900C and in the presence of a gaseous environnment in which
the partial pressure of oxygen is | S than 104 Torr, wherein the ratio of
galliumatons to nitrogen atons in the galliumrich galliumnitride film
is from1.01 to 1.20. 21 February 2007 2a According to a second aspect,
there is provided a process for the manufacture of a galliumrich gallium
nitride film conprising: - (a) preparing a reaction m xture containing a
gal I'i um speci | £S5, : I
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ot her, galghilium mé¢h galen initrifle fileedeonapritirgy) growi ng the galliumrich gallium
nitride filmfromsaid reaction m xture, by allowing the gallium species
to react wid)lprepivingr redctige midmecbutsinapd ghlliutlespeded and alnfitragen spebws dm on a
substrate, .at a tenpe ure of fro about ut 50C |nthe
presence W%@&H@%W@%ﬁrﬁ?ﬂ ‘eﬁe‘fﬂ@% Oléeintﬁ P’ﬂ of oxygen
is |less tbmno&@?galﬁmﬁmmde/ibwrmeﬂ;awe ratio of galliumatons to ni.trogen
atons in the galliumrich galliumnitride filmis from1l. 00k to 1.20; and
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or Su I'cient fo_decrease the resi { alliumric
gal |1 um el P16 ro8 Wik S6auroeah et i ogRmoth BUAAIS o fer o 1
pr.ovi ded %W@ﬁ&teﬁ@éxahﬁ&éﬁﬁ&h@ﬁmﬁ B80°CaD dbigiit 68040 ardfin B préseibe offal 1 i de,
conprising: -annealing {he gcgl i um nj tr| de af%ﬁa terrp rature gnd tine

suf f i ci en@aseeysieaKirQuaneat i which fhe pastial, mgam Fnﬂﬁﬁ“ﬂfq dEo, The

galiium NivhErbiHl SheBko BEA NS |aﬁm&rt¥§f e;PitoxBQ ke oYl fichpaliiii'@itdds t he
gal Liumnitride is i n| tially polycrystalline bu after anneal i ng has

| ar ger cr film isifiomok.00ide d38and si ngl e crystal .
-(c) annealing the said film at a temperature of from about 20°C to about 700°C for a time
sufficient to decrease the resistivity of the gallium rich gallium nitride film to below 1000
- ohm.cm.

In one embodiment, there is provided a process for increasing the conductivity of gallium

nitride, comprising:

-annealing the gallium nitride at a temperature and time sufficient to increase the

conductivity of the gallium nitride.

The gallium nitride may be single crystal or polycrystalline. Usually the gallium nitride is

initially polycrystalline but after annealing has larger crystals or becomes a single crystal.

In another embodiment, there is provided a pro'cess for increasing the crystal size of

polycrystalline gallium nitride, comprising:

-annealing the gallium nitride at a temperature and time sufficient to increase the

crystallinity of the gallium nitride.




| n anot her enbodi nent, there is provided a process for iAtFesanygE00he
crystal size of polycrystalline galliumnitride, conprising: -annealing
“the galliumnitride at a tenperature and tine sufficient to increase the
crystallinity of the galliumnitride. 21 February 2007 3 In a further.
enbodi ment, there is provided a process for increasing the crystal size and
conductivity of polycrystalline galliwnnitride, conprising: -annealing the
galliumnitride at a tenperature and tine sufficient to increase the
crystal size and conductivity of the galliumnitride. The galliumnitri.de
filmmay be galliumrich. The galliumnitride nmay be an independent crystal
or it nay BedAuthy embedimentythere istrsovided a awocesh &xl inergasing thyatrystangizd and de

may serve il i t he annealing step nay be
in the rang@dg?ég%@ﬁ%@ﬁnégﬁﬁﬁéd ’ocq)aﬂf |g1rgd aspect, there is '

provided a forq.decr.easi ng the resistivity .of alliumrich
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nitride figdize andaspdudivity ofithegallivig nittiée.gal | iumrich galliumnitride film at
a tenperature between about 20C and for a tine sufficient to decrease the

resi stivi tpheofallivie nitatie ﬁumnﬁdyqﬁ,gagﬁinhﬁu}m nitride filmto bel ow 1000 ohm cm
I n one enbodi nent, there is provided a process for the manufacture of

gal I'i um nitHd glium GRATe HhP9e andhePeRdend Jystd1Br'it Gl gﬁ'il&}@l}}@htaréu? A8, @
substrate such as silicon, glass or quartzZ, opti onglly wth a burfer |ayer
of znO, atAferaspealingithe sallipminitside May perez9@ substeatout  650C to form a
polycrystalline material; and -annealing the said polycrystalline materi al
at an t enpBrdtmperatire fluimg tioanvcaboLstep dnaydizduithe0age 6£20°€ tbi768°Guf f i ci ent
to increase the conductivity of the polycrystalline material. In another

enbodi ment, t eycerdirfy 00'Othird AGpedt, IEQRE BSrotidkd b PRodERI et aeérwgﬁlgqﬁe Bl stiv it

nitride, conprising: -grow ng gealllumrlch galliumnitride on a substirate

such as siofiacsailiugy) aes gallivgyaitride filjn; gomprising annealing the gallium rich gallium
nitride film, comprising annealing the gallium rich gallium nitride film at a temperature
between about 20°C and for a time sufficient to decrease the resistivity of the gallium rich
gallium nitride film to below 1000 ohm.cm.

In one embodiment, there is provided a process for the manufacture of gallium nitride,
comprising;
-growing gallium rich gallium nitride on a substrate such as silicon, glass or quartz,

optionally with a buffer layer of ZnO, at a temperature of from about 480°C to about

650°C to form a polycrystalline material; and

-annealing the said polycrystalline material at an temperature of from about 20°C and
about 700°C for a time sufficient to increase the conductivity of the polycrystalline

material.

In another embodiment, there is provided a process for the manufacture of gallium nitride,
comprising:

-growing gallium rich gallium nitride on a substrate such as silicon, glass or quartz, with

or without a buffer layer of ZnO, at a temperature of from about 480°C to about 650°C to

form a polycrystalline material; and

-annealing the gallium nitride at a temperature and time sufficient to increase the crystal

size of the gallium nitride.




or without a buffer layer of ZnO at a tenperature of fr»hFelroaty 2080C to
about 650C to forma polycrystalline material; and -annealing the gallium
nitride at a tenperature and tine sufficient to increase the crystal size
of the galliumnitride. 21 February 2007 3a The conductivity of the GaN
after .annealing may be in the range of 0.01 ohmcmto 150 ohmcmor 0.1
ohmecmto 90 ohmcm However, condggtivities |less than 150 ohmcm (e.g. in
the range 151 ohmcmto 250 ohmcm may be achi eved by appropriate

mani pul ati @He obndudtivity 0 £ tel GEN hftefeannpslf ﬁ%@% #ctafise JFWOPB%%% t6*$50
di scl osed rein may, convenientl |nclu e the deposition of gallium -

nitride frOHRET eROtk SR et PR o pravgawm ivitigs ks thagel0 ohm.cm
February 2 % S e duce
t he deposi dnl%ﬁéﬁfh?u?ﬁﬁn?{%% ﬁ)f rzg(r)n(%yﬁe r 2%1%1?21% %@%ue?eby@%r%#
alternati v@anlaulﬂélnnpéﬂmm@mgﬁhyﬂmdﬂuednpcrawmse t he deposition of
galliumnitride fromthe reaction mxture. As a preferred alternative, a
conbi nat i o'ﬁhe)prm:h@ hSiSliﬂCldSC[UlhEEﬁh anuy c(ﬁmamentby dacade A itioB CAMPAIRGeS 1S
used to lguﬁgﬁte t he .rapi.d_ _deposi.t.i on ﬁ galllun1n|tr| at hig
efficienci® O AXFACHIPR i aping galliymand pitrogsa. soc to 5ooc or 50C to
400C, or 75C to 300C or 75C to 200C or 75C to 100C. The annealing step may
conveniently be carried out over a period |ong enough to obtain gal I'ium
nitride having crystallographic characteristics acceptable for use in a

| aser device. 10 According to a fourth aspect, there is provided a gallium
rich galliumnitride film mnade by any one of the process of the first or
second aspect. According to a fifth aspect, there is provided a gallium
rich galliumnitride film having a conposition as set out in Table 1 as
defined bel ow under the heading "Sanple C'. is In one enbodinent, there is
provided galliumnitride having increased conductivity and/or :
crystallinity nade by the process as disclosed herein.




I n anot her enbodi nent, there is provided gallium nitride2hEgbaeti®éd by
the process as disclosed herein. Galliumnitride filns nay be grown on
silicon substrates, optionally with a zinc oxide 20 buffer layer. Gowh
t enper at ures between 500 and 650 degrees Cel sius may be used. The process
may utilise a laser to photolytically dissociate amonia and '
trimethylgallium filmprecursors. Additional active nitrogen nay be

.. .-provided-by a renot-e nitrogen or ammoni a-pl asma maintai ned at-m.crowave. . -
f requenci e’gs onmaltemeativie] asuitahlehescymeyihe uselicto induvdithd depesitied bf gadlimu adtrifie om
stoichio | S Lliumrich filmmy result. The
film my”ﬁ%&%gﬁ&{&%@%% NG 8?}#‘ géra@eg[?ag\)\ﬁ RN ?pliaﬂn%n}aﬁﬁ’teﬁ@? EhBSP nent
there is phevepstion @f gtloss nitdde flom thenvidohungngé. & @ptdférved liceitivead | i um

nitride fil .C rising: L. February 2007 4a_(a) preparing a reaction
ni xt ur e cocﬁglgl?\a}?ﬁg cgstbﬁﬁ?sieﬁ Fﬁ%i‘ﬁ?éﬁia‘&g re&%‘ﬁe é’?&f?mar ced Jeelmelogigsyis usgdite | um
speci es angombe thé t4pRUEsHoSIEBE bESaleh Mikriie hELE drinlics hat , when they react
with each other, galliumnitride is formed; "and - (b) growing the gallium

rich gal | iTH® dinkalirdetehipbfinirs @Mgsahal, hE36LH @NsHIKL YF 80o®Yo Abd-@WoPgs0¢ *&f
gal lium species to react with the nitrogen species and to deposit gallium

nitride orf8°Q9r Felr 9400°C0075°Glod@B2€r at e sel ected from the group

consisting of silicon, glass, sapphire, alumna, quartz and crystalline
mat eri al s nAgAlng) sien me cenysaieatly be icaristyoutavertrepkriod Igeg Enanghrto bbiaite,

£ om abouts HEBCe Sl o Y Bloebionfe st Rghonhordop BUDRA YRS onren

in which the ' r e of oxygen is,less than.l.04 Torr,. etein the
ratio lgf gal | P?;J%B%d?ﬂ(%r@ %g&l#iht FBgdnt S%Ieo r?ﬂd‘?‘ﬁ% M Tigh g?IEan‘Hm\gg
nitride fddnbysinkoaevfitheprésslof2Be first or second aspect.

According to a fifth aspect, there is provided a gallium rich gallium nitride film

- having a composition as set out in Table 1 as defined below under the heading “Sample
C”.

15 In one embodiment, there is provided gallium m'tride. having increased conductivity

and/or crystallinity made by the process as disclosed herein.

In another embodiment, there is provided gallium nitride manufactured by the process as

disclosed herein.

Gallium nitride films may be grown on silicon substrates, optionally with a zinc oxide

20 buffer layer. Growth temperatures between 500 and 650 degrees Celsius may be used.

The process may utilise a laser to photolytically dissociate ammonia and trimethylgallium

film precursors.

Additional active nitrogen may be provided by a remote nitrogen or ammonia plasma

maintained at microwave frequencies.

25 The film may be grown under conditions well removed from stoichiometric conditions, so

that a gallium rich film may result.
The film may be semi-insulating in the as grown state.

In a further embodiment, there is provided a process for the manufacture of a gallium rich

gallium nitride ﬁlm, comprising:




In the event that silicon or alumna is used as a substrat Egbrutiryi 2007
preferably crystalline. Zinc oxide may be used as a buffer |ayer between
the substrate and the galliumnitride film Good results have been

achi eved using zinc oxide as a buffer layer on lime glass: In a yet further
enbodi nent, there is provided a proces$@for the manufacture of a gallium
rich galliumnitride film conprising: - (a) preparing a reaction m xture
containing a galliumspecies and a nitrogen species, the gallium species
and the nitg aSES FAstiREneu el edifit 9

each ot her, (ryg@PI umnitride_is forned, an IM%CI%@\AH%{!%% &‘%?fé‘%sme. ch
gal |'i um nlgaf“il% Sf’?ql‘?ﬁ qnddhe M%@e“d@?lﬁbhelﬂmﬁﬁlﬁﬂéd SWI ﬁlat, fmgthey meactaithi um
speci es t QLR 88er flfﬁmtlﬁﬁ?dylgmﬂ% spgcies and to deposit galliumnitride

on a substrate Sélect romt group conS|st|ng of silicon, glass

sapphire a f e of Zi nc_oxi

t enper at ur en(il %gl% ?f "?)%n Qﬁ}tuh %@%ﬁlﬁ&b@%{&% ﬂj%rg P%nﬂ’r‘t@'éeeﬁx éll?)wmé
gaseous ertheé gaihnmn:peaw}; tmﬂeachwtlllhetheafttdgaﬂi SRS mﬂd ® dB‘posﬁ)gMﬂﬁﬂl nifiide®as t han
10-4 Torr, wherein the ratio of galliumatons to nitrogen atons in the
galliun1rich galliumnitride filmis from1.001 to 1.20; and -(c) annealing
~the said filmat a tenperature of from about 20C to about 700C for a tine
sufficient to decrease the resistivity of the galliumrich galliumnitride
filmto below 1000  ohmcm In step (b), the tenperature nmay be between
480C and 650C. At |ower tenperatures, the reaction between trinethyl

gal l ium and ammoni a proceeds at a lower rate. If the tenperature is bel ow
480C, the rate of the reaction between trinethyl galliumand anmonia
becones too sl ow which neans that the filmof galliumnitride that is grown
wi |l have sufficient time for it to incorporate oxygen in the film which
is undesirable in 21 February 2007 5a view of the need for the gallium
atons to remain nobile. Mre preferably, the tenperature is in the range
of 520C to 630C, 540C to 610C, 550C to 600C, 560C 21 February 2007 WO

03/ 097532 PCT/ AU03/ 00598 6




to 590C, 565C to 585C, 550C to 650C, 560C to 640C, 570C poFep ZeC to
600C, 530C to 630C, 550C to 600C, 580C to 650C, 590C to 650C, 590C to

640C, 540C to 620C, ideally in the region of about 570C. The growth chanber
may be prepared, prior to the introduction of the substrate on which s the
galliumrich galliumnitride filmis to be grown, by purging it with
nitrogen, before evacuating the chanber to extract as nmuch air fromit as
possible. It is also inportant to preéent any ot her sources of oxygen from
entering the growh chanber or of being present when the filmis grown

t herein. Fé?bsgrﬁTesseFe&&doﬁ?mt%‘é gyeup rensistiag @f eilidone glass) esappliieey alenigx tquagzed
by vacuum gy : . J s e o) ti,al _pressure of 10 oxygen
is less than. 1%%{%@%%}1,&}%%%‘?% gbk?/t Hﬁ%e‘l'sog gtgﬂtgﬁfoﬁelx %8‘953%9 g‘?lﬁH’é‘r Ritride,

pr ef er abl y optienatly withem buffsr lagertof Bing oxide (Za)y et Picpiiaiteyos +@s shddidRode X

10"7 Torr. ], o .a.aser may.be used to induce the deposition on the
“substrate {')4 &Oﬁég%bahb#g rﬂq the reyeee ¥f)"’r‘ FRgoR envHanmenlcn whichthetpartial pressure

U travi ol edf exygemiylessahai $0* Torh photon energy greater than the bonding
energy of the precursor nolecules, are preferred, though other 1s |asers

wi t h | ower whaeingthe phed 6D sallighCit | : be,used. t

di ssoci ate._ the said pregursorsoﬁﬁ tg@ﬂ:lrtﬁl eﬁ%%ﬁﬁodna%?%a?&rg%irgg(ﬁﬁ}lm{jmag%ery
hi gh intengkﬂﬁﬁ"%@érmﬂ@alrﬁo- An exanpl e of an exciner laser is an
argon-fluorine gas mxture laser with 192 nm wavel ength (6.4 eV) photons.
Neon f | uorinfbe event that siligerepralumibads bsad aacubstratd, dsie psefombly @y g4alike used. 20
A renote plasma may be used to assist with the deposition of gallium
nitride frémeiopide manbeiused as & thuffer IdFkebetemoi ehedbhbsiRteiy HE HBRA ARl

using nitr S0 nia _vapour. The plasma itself nay be excited by
an electr |f§ﬁf:&éq%§ rﬁssulitﬁéa‘ée %?eaﬁc%ﬁ?cgﬁsé“%m‘é@fﬁe g2 puter layeroindingeglass.

radi ofrequency electric field or a mcrowave electric field. During the
anneal i ng St%yet ferfher embodiaent; theretiy prfvidede rotess faryths enanathomedof Ogdligm t han

250 25 Or}'i@lpéﬁlhtﬂﬁﬁftﬁﬁ@ﬁh}{ éo?né}ﬁlnow 90 ohmcm During the annealing step

(c), the anneal i ng tenperatur rrﬁyg:be anywhere from about 20C and about

700C , 50C ,%pﬁggaﬁl@ggl : . 100C to_about  700C, . 80C to
about GOOC,(EE% t o about Oéggt&%o%ﬁﬁgﬁ%%%g@%%’o‘%,“%@ B L4mRsER Speﬁl?é(f,g%oc
to about 4gligm sgcics andibenitBRRLPEOES beaingbeledteBOOE tha) e tBBPHLCBRIR50C,
50C to ab%Héh&ﬁQngaﬂ%%&i%d%%? t SQ_OaCI:l,d 50C to about 350C, 50C t'o about

orme

- (b) growing the gallium rich gallium nitride film from said reaction mixture, by allowing
the gallium species to react with the nitrogen species and to deposit gallium nitride on a
substrate selected from the group consisting of silicon, glass, sapphire and quartz,
optionally on a buffer layer of zinc oxide, at a temperature of from about 480°C to about
650°C and in the presence of a gaseous environment in which the partial pressure of
oxygen is less than 10” Torr, wherein the ratio of gallium atoms to nitrogen atoms in the

gallium rich gallium nitride film is from 1.001 to 1.20; and

-(c) annealing the said film at a temperature of from about 20°C to about 700°C for a time

sufficient to decrease the resistivity of the gallium rich gailium nitride film to below 1000
ohm.cm.

In step (b), the temperature may be between 480°C and 650°C. At lower temperatures, the
reaction befween trimethyl gallium and ammonia proceeds at a lower rate. If the
temperature is below 480°C, the rate of the reaction between trimethyl gallium and
ammonia becomes too slow which means that the film of gallium nitride that is grown

will have sufficient time for it to incorporate oxygen in the film, which is undesirable in




400C. 21 February 2007 7 The annealing step (c) may be ZafFebredry®2007f or a
period | ong enough to obtain a filmhaving crystall ographic
characteristics acceptable for use in a | aser device. That period may be
froma few hours (at higher tenperatures within the aforenentioned ranges
of tenperatures), to several nonths and even years (at |ower tenperatures
within the aforenentioned ranges of tegperatures). Thus, the period may be
froml to 8 hours, from 2 to 8 hours, from2 to 16 hours, from2 to 24
hours, fropied DOUNE AGed’ SR ShIAM htdiAY th Crerdth 1 G, fmfé‘ BPerBY Minb 0 24
nDnths or even | onger where the anneal i ng step one at |en

t enper at ur EMPSFERICIS Hsthe Tange st é%@"%ﬁﬁrﬁi@f"gn@%@ﬁo@dﬂ?& Sdﬁ‘t@tm@ﬁ)PCpiﬁ(l"h’Je
oxygen content, excess galliumcontent and the content of other inpurity
species in the film The annealing step may be carried out until the
resistivity of the galliumrich gallium nitride film has been decreased
sufficiently for it to becone electrically conductive. Thus, the gallium
rich galliumnitride -filmmy be anneal ed at a tenperature between about
20C and about 650C and for a time sufficient to decrease the resistivity of
the gallium rich galliumnitride filmto bel ow about 1000 ohmcm The
resistivity of the galliumrich galliumnitride filmmy be reduced from
about 10000 ohmcmto about 1000 ohmcm alternatively fromnore than 1000
ohmcmto |l ess than about 500 ohmcm alternatively fromnore than 1000
ohmcmto | ess than about 200 ohmcm preferably fromnore than 1000
ohmcmto | ess than about 100 ohmcm nore preferably fromnore than 1000
ohmcmto | ess than about 80 ohmcm nore preferably fromnore than 1000
ohmcmto | ess than about 90ohmcm still nore preferably from nore than
1000 ohmcmto | ess than about 50 ohmcm As one exanple, for a gallium
nitride filmof which the ratio of galliumto nitrogen was approxi mately
1.1 a resistivity of about 86 ohm cm was achi eved by annealing at room
tenperature for about 20 nonths. In step (b), the total pressure may be

bet ween about 0.1 Torr and about 15 Torr, preferably between about 1.0 Ton
and about 2.0 Torr. The processes as disclosed herein may be preceded by a
step in which the growth




chanber is evacuated to an absol ute pressure of between 21@ekrukfs 200Fon and
1.0 x 10-8 Ton, before the reaction mxture is introduced. The growth
chanber is preferably purged wth nitrogen before it is evacuated to an
absol ut #Q#93ixe of between 1.0 x 10"5 Ton and 1.0 x FETAAUGAIS9her eaft er
. the reaction mxture is introduced. 21 February 2007 7a In one enbodi nent,
- there is provided products of the précesses as disclosed herein. 21
February 2007 8 According to a sixth aspect, there is provided an
apparatus for the manufacture of a galliumrich galliumnitride film
conpri $p1$§0° (Ea§65ﬁ€aﬂ§85w POUp ar 6HYCaS6@ 4ol @€ 5T0RC w0 608HBEDIC g a

Phe’ ni t0B0gn: Sncoretely mgPREleRRE sfe heGeTnae REGSOFealia n cach

ot her, 6#0PCj 340°Qitd 6RORE, iideallp e regiditio{dbbun®ANE. for growi ng the gal lium
rich galliumnitride filmfromsaid reaction mxture, by allow ng the

gal | i uMieRgewEscHabee ARl aenp&épaﬁéaepﬂ@ﬂtbqwmt@ﬂﬁaio%%m@s&&rﬂeaﬁwmwal lium
nitride on a substrate, t enperature of from about 480C to about 900C

and Si n thhgallipmedehgalli igm ‘H“‘{j‘ﬁs@@u@ te hgigrowneby pingingHi stitht meogsay PEfgre pressur e
of 0oxyQq&Acdatin n% ﬁ?egcﬂal?ltﬁar%g gt?f:xtra%t 4 8nc H%Frfp&n? 1tt£ﬁ)o|§%%lb.0[rt ?% %119?%#&"%?&0”5 to

nitrogen ato In t |umr|c ' 'um ni rom1l1.01 to
1.20. Ascewntiany qthﬁraswmﬁemfmmpetﬁom tehe:nﬂglthe rovihdeonder appdrixing for the

f trid
o epar Pheredt Fhe Phedftn is o b, ot i S50 it B ipatbb &owRaPAmREL « ogen
speci esnayt be egahdted rnys pacings paRipingd) thefdon QEANHS RBEIeE felidlpréglechbed such
t hat, when thel‘ {M l)[let,lglé‘each ot her, galllum nitri is fornmed; and -
(b)*ﬂrreé)ﬁfgg%ﬁs éﬂd Ty Xt e preserablydessghan 4 e kars, éRﬂfF prefsrablynlessi d
{reacti QRan X4U* Forr, Bendhé® Wrdteabl elea,%bwea RPegSs o react with the

nirtrogen speC|es and to deposit gallium nitride on a substrate, at a

 tener ah WieB. 8, J AP hp m%]uée%%ﬁ&cewh Rk By ie &ftﬁégaﬁi%npf a

gaseous enw r onnent arti ar pressure of oxy ess than
10" nitride formed by the reaction mixturc Ultraviolet excimer lasers, w1th photon energy

greater than the bonding energy of the precursor molecules, are preferred, though other
. 15 lasers with lower energy photons, such as infrared YAG lasers, can be used to dissociate
the said precursots in a multi-photon process requiring a very high intensity laser beam.
An example of an excimer laser is an argon-fluorine gas mixture laser with 192 nm
wavelength (6.4 V) photons. Neon fluorine excimer lasers and other excimer lasers may

also be used.

20 A remote plasma may be used to assist with the deposition of gallium nitride from the
reaction mixture. The remote plasma may be generated using nitrogen gas or ammonia
i - vapour. The plasma itself may be excited by an electric field using a high voltage direct

current discharge, a radiofrequency electric field or a microwave electric field.

~ During the annealing step (c), the resistivity of the film may be reduced to less than 250
25 ohm.cm, preferably to below 90 ohm.cm.

During the annealing step (c), the annealing temperature may be anywhere from about

20°C and about 700°C , 50°C to about 650°C, 80°C to about 700°C, 100°C to about

700°C, 80°C to about 600°C, 806°C to about 550°C, 80°C to about 500°C, 80°C to about

- -450°C 80°C to about 400°C, 80°C to about 350°C, 80°C to about 300°C, 80°C to about

30 250°C, 50°C to about 250°C, 50°C to about 300°C 50°C to about 350°C, 50°C to about
400°C. '




4 Tory wherein the ratio of galliumatons to nitrogen atgnEebratfemogal | ium
rich gallium nitride filmis from1.001 to 1.20; and {c) neans for
annealing the said filmat a tenperature of from about 20C to about 7Q0C
for atinme sufficient to decrease the resistivity of the galliumrich
gaalliumnitride filmto below 1000 ohmcm In another enbodi nent, there

I s provided apparatus for the nanufagture of agalliumrich gallium
nitride film conprising: 21 February 2007 8a - (a) neans for preparing a

reacti on mPHelnfes] @épr‘(lc' ' 4 ies d a nitrogen species, the
gal | i um speci es gnidﬁgt he nﬁg‘?gggﬁl‘ﬂé’ﬁgg}@@?%&eﬁa&@é%&P@ té’_t?g’ltﬁltl RdHm hawmg
they reactr¥itallogeaphic chamasteristed adcoprablet for de irba TRENB&ic@Mthar pld HB?'B% for
gr owi ng th?r&ﬂléiféw rﬂoﬁﬂ %I h]igi]m nitride filmfromsaid reapt'Pon m Xt ure,
by allowi ng the gallium sg cieef Jfeppsrafurgs (withipothe; efoseruentinnedi omgen dft o
deposit galté¢mperaturds),r tod@everal ancnths t4ndt 8v. Loup consisting
of- silicon 0?' ass ].%gg hire, quartz andélg?gfg%gﬁ H\‘gépn%{}lg’rel%g%ggh‘ﬁ@?’ﬂg&‘ﬁ
lattice coldsenty eﬁﬁf’@ﬁ@arapge@aﬂhm theperioddery be frahUdior®hairschrénsi de,
at a tenpepas 8npusf fohPMA 4 0C,and in_the presence of a
gaseous enyironnent in whi ?gl%%rﬁéﬁggrjt ﬁ)a?kpgéﬁég’ggoffézglpur&fgﬂéﬂy%s&néésdaﬂ’r‘i%m
10- 4 Tor r 30 dA¥s &om eppmpnthite 26 imaguhd onkvealqiger wherdithd SRR QQI? # dbrkhe

ot her

gal liumri e'n"ﬂ:f&- itride. fil.lmis from1.01 to 1.20. In an

embodi nent %?%g{r{e I's %é%v%ogglgoégpgﬁﬁa?‘ﬁgt Wg]ﬂgd)%ﬂdi‘ depandentadn thegmiygerum

rich gal | ¢antentj ¢xceshezallivnivomanand d@nient eﬁam@fqg{ﬁaﬁﬁp{pe&%?ﬂ%k 3@@?‘ "
a i fes, the

reaction mxture containing a gallium species an rogen s

gal | i um spE¢ esncalidg istep Mhy bOGBRAPER I Hil I6L R such that, en
they react., W tijﬂ eﬁgkb other, galliumni tlrigée%asﬁﬁgfr%}égl?e §?L1‘§um {@3 SRS for
gr owi ng trfém'\{l:)aﬂ LS qeeh derarased, pfficiently dorf it knbdcommekeairitall a6idREvEI PH! €.
by _al | owi Nfie tdaBAR Idch WAL SR Te [fm 85 bW L L e, nitrogen species and to
deposit gal | iégg% nitr ilgdﬂeﬁ%matﬁgﬁg@flr afa% bgeqnggqlgcgaﬁc p dFHIPHIAIUES g@l‘fi’e@@r@b%& i ng

of 'silicorf0°§ andsaboyp¥iiCrand fquatinge sufficient tssdedichic\Be PR @I 0T HAAYAITNGn?
lattice C Q! SAMfurt W58 ¥R l?erllgvg aggutgl%l()l() Ioﬂxrg.crll'nll.t ride,

The resistivity of the gallium rich gallium nitride film may be reduced from about 10000

ohm.cm to about 1000 ohm.cm, alternatively from more than 1000 ohm.cm to less than

about 500 ohm.cm, alternatively from more than 1000 ohm.cm to less than about 200

ohm.cm, preferably from more than 1000 ohm.cm to less than about 100 ohm.cm, fnore

preferably from more than 1000 ohm.cm to less than about 80 ohm.cm, more pi'cferably

from more than 1000 ohm.cm to less than about 90ohm.cm, still more preferably from
more than 1000 ohm.cm to less than about 50 chm.cm.

As one example, for a gallium nitride film of which the ratio of gallium to nitrogen was

approximately 1.1 a resistivity of about 86 ohm.cm was achieved by annealing at room
temperature for about 20 months,

In step (b), the total pressure may be between about 0.1 Torr and about 15 Torr,
preferably between about 1.0 Torr and about 2.0 Torr.

- The processes as disclosed herein may be preceded by a step in which the growth
chamber is evacuated to an absolute pressure of between 1.0 x 107 Torr and 1.0 x 108
Torr, before the reaction mixture is introduced. The growth chamber is preferably purged
with nitrogen before it is evacuated to an absolute pressure of between 1.0x 107 -Torr and

8 . . ..
1.0x 107 Torr, whe_reaﬂer the reaction mixture is introduced.




including zinc oxide, at a tenperature of from about 480& tenmbguoof50C and
in the presence of a gaseous environnent in which the partial pressure of
oxygen is less than 10- 4 Torr, wherein the ratio of galliumatons to
nitrogen atons in the galliumrich gallium nitride filmis from11.001 to
1.20; and -(c) nmeans for annealing the said filmat a tenperature of from
about 20C to about 700C for atinme sufficient to decrease the resistivity
of the galliumrich galliumnitride fi¥mto bel ow 1000 ohmcm 21 February
2007 9 Thg, R diEe L @it ﬁé?%?. : trol.ling the
tenperature in step 6%?%@%?3%%&&%% é%%n gg%?“%ﬁggiggﬁéd&%@l%%%%roIIing
the tenperature in step (b) is preferably capable of controlling the
tenperature at about 570C. The apparatus may al so conprise neans for
controlling the partial pressure of oxygen in step (b) at less than 10-6
Torr. The apparatus may further conprise a l'aser to induce, in step (b),
the deposition, on the substrate, of the galliumnitride formed by the
reaction mxture. The apparatus may in addition conprise a renote plasma to
“assist with the deposition of galliumnitride fromthe reaction m xture.
The apparatus may in addition conprise neans for controlling the annealing
tenperature during the annealing step (c) between about 50C and about
500C. The apparatus may further conprise a renote nitrogen plasm
mai nt ai ned at m crowave frequencies, to supply additional nitrogen. The
apparatus may further conprise nmeans for providing, in step (b), a total
pressure between 0.1 Torr and 15 Torr. The apparatus nmay further conprise .
means for evacuating the growth chanber to an absolute pressure of between
1.0 x 10-5 Torr. and 1.0 x 10-8 Torr, before the reaction mxture is
i ntroduced. The apparatus may further conprise neans for purging the growh
.Chanber with nitrogen and nmeans for evacuating the growth chanmber to an
absol ute pressure of between 1.0 x 10-5 Ton and 1.0 x 10-8 Ton, before the
reaction mxture is introduced thereinto.




According to an eighth aspect, there is provided a use oft gbregpabdf us for
the manufacture of a galliumrich galliumrich galliumnitride film the
apparatus conprising: neans for preparing a reaction m xture containing a
gal l ium species and a nitrogen species; a growh chanber for grow ng the
galliumrich galliumnitride filmfromthe reaction m xture and for
depositing galliumnitride on a substrate; a renote nitrogen plasma source

----gperated. at m crowave frequencies, tossuppl‘ y additional nitrogen species to

the growth abasbgh: rature control, npans for controlli t he
tenmperature in thg toé(r%gmvﬁ ﬁSpc?ﬁéﬁﬁé ‘SiHﬁo‘t’lﬂg‘F?Ihﬁ&@I‘ﬁ‘f‘s F%%H&&g‘m{g@é&to about
900C; agﬂ}hﬁfﬂmﬁlmaﬂblmmitﬁ@/ﬁlﬁu@bﬁlpﬁﬁﬁggrowth chanber before the reaction

m xture is introduced to the gromh “chanber to provide a gaseous

envi ron t in:.which.the rtial pressyre of oxygen s |less - ----- .- --
----- zﬁﬁ%ﬁ%&&fﬁz’eﬁ%a@ﬁ%ﬁ?&ﬁ%@ﬁﬁ?ﬂﬁ%@lﬁ&ﬁéﬁ@ﬂ@ﬁ%@@%mmﬂ% preparing a
react | apedsxthblingiahelcd afdind rilideth Wibics A} SlooRidudh thid WGPRepPEC €5,
gr ow ng tE‘%@ﬁal iymrich galliumnitri d_e fi mf_romt e "reaction mxture in
t he gr df#° gaey, gallym Biffideos formediapd | um species to react with the

ni t rogem{geci?s and to deposit galliumnitride on the substrate at a

t enper & cagt 1of EEAWInghe galling aichealinmanitide fcfromysaidi mactime mpixtesence of a
gas €0 U by iivwing HERsalliukd spéhis : tis f .1.5 | ess than
10-4 Toyr,, whgr ein thepﬁ%#g %%ggﬁﬁeu%ﬂiegﬁgﬁmn@tdreg%é%o in the

gal | i umitrfde en & subsireien ahattempreatavel ohifrom stouh480°0 1o about 990PC 4 iefthDescr i pti on

of the | : : nt i.nventiqgn wll. _now be
descri ggg%y %ag‘;‘%% Qxiev!(ugﬁ%{:[gm\;h\# ﬁﬁ{ea’g’f‘@[@‘%g‘ér°t°8°’fﬂ$8“é§gﬁ‘8ﬁﬂd§?i ng draw ngs
“wher ei nTof gure 1 shows the el enental content (in atomic percent) as a

function of beamfluence . for a galliumnitride sanple B obtained from
Exanpl &hgreinRtheuatio of galium ntobstaynittighh anets o the ialive R fMiund niiadd | UM ni tride

sanpl ﬁﬂ@ﬂ?o%&%ﬂ%%il%g from Exanpl e 1, 21 Fe_bruary 2007 WD 03/097532
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According to a seventh aspect, there is provided an apparatus for the manufacture of
- .a gallium nitride film, comprising:

- (a) means for preparing a reaction mixture conteining a gallium species and a nitrogen
- species, the gallium species and the nitrogen species being selected such that, when they
react with each other, gallium snitride is formed; and

- (b) means for growing the gallium rich gallium nitride film from said reaction mixture,

- by allowing the gallium species to react with the nitrogen species and to deposii gﬁllium

nitride on a substrate, at a temperature of from about 480°C to about 650°C and in the

presence of a gaseous environment in which the partial pressure of oxygén is less than 10

4 Torr, wherein the ratio of gallium atoms to nitrogen atoms in the gallium rich gallinm
nitride film is from 1,001 to 1.20; and

-(c) means for annealing the said film at a temperature of from about 20°C to about 700°C
for a time sufficient to decrease the resistivity of the gallium rich gallium nitride film to
below 1000 ohm.cm. '

In another embodiment, there is provided apparatus for the manufacture of a gallium rich

gallium nitride film, comprising:




Figure 3 is an X-ray diffraction spectrumfor the galliupm pébrubdespanpl e B
obtained from Exanple 1; Figure 4 is an X-ray diffraction spectrumfor a
galliumnitride sanple C al so obtained fromExanple 1; s Figure 5 shows an
atom.c force mcroscopy surface map of the galliumnitride sanple A

Figure 6 shows an atom c force m croscopy surface map of the gallium
nitride sanple B; Figure 7 shows an &gonmic force mcroscopy surface nmap of
the galliumnitride sanple C; Figure 8 shows a field em ssion gun SEM

i mage, show.ng, a i _ | lium .nitride.filmprior to
recrystalli ag_t |%ﬁ§fc?§§ﬁ gu%eaogeagaocl)%s&gm gr%’g@%%tai%ﬁ“ﬁ?s gsi a0fh aarpgen:
fil mh af t expesiogube gal?uwsiemﬁnd ﬂmmitrbmmlef aies! lbleing%ere&t&a @Jééli' t;haf, iten thépur e
10 shows - I | ff,racti.on spectr of,a galliumnitride film prior to
recryst al ﬁlg%%t(t“flgﬁ?ac#—'f’ F’egaglimgﬂgﬂge ’é%%%?“‘gi ffraction spectrumof a

gal I i um ni t(ﬁ?&)de fil.rn after aboilt ty iis years of recrystallization;

Fi gure 12 “SRéfeans toreravingthe gallimmupdsgallieminitgide fdm fomeasnid reactiontmixtieef i | m
prior to byedlowbh@tld R RpediéOtdl rBack v : t.onl.: ey 1M ope
Pimge of gdl e 10 Gl Bpociesid %ﬁh%o%lﬁékegfs?’g%lgsg%g{ aebgt gl 1,
shows an d¥Gieonfcuberate soleeted fem tha geoupf coasigtng ofisilicor, glase shpphite, ghett 18
nmont hs aft he Elgl . | S i mplified, bl ock oy di agram _ -
Topresent (g Efflie I ok Bt Boisiart Uk fiotehid o coiom maride,
manuf act uriecloding ziai dxiden atiactengetdniraoffdmn iabeud 4407C @bolii 900°€ 4Rt iS1R
sinplified_block ff | ow di agr am rerﬁr.eiﬁlnti ng an apparatus in accordance with
25 the i nPERERGHE0F2SeqHs ChNKeuPeHdn shich the partighpressire gfoxygomisdessithatel®i | m
Det ai | ed dgegtiption of the drawings Figures 1 to 14 are described in
relation to the Exanples. Referring to Figure 15, there is shown an

appar at us vierdifthd Ao BIPATIRRS ik L 5 | Lium nitride film
The appar %'tlus 1cf,;rorrplr(in(s)es1 ggans 12 S?%rlﬁgg paértlgl% "réﬂ?%%%ﬁ‘l‘n&ﬁ‘%gﬁl—%‘ﬂ?&éwezom
' Tilm is from 1.01 to 1.20. ' '

In another embodiment, there is provided apparatus for the manufacture of a gallium rich
gallium nitride film, comprising: '

- (a) means for preparing a reaction mixture containing.a gallium species and a nitrogen
species, the gallium species and the nitrogen species being selected such that, when they

react with each other, gallium nitride is formed; and

- (b) means for growing the gallium rich gallium nitride film from said reaction mixture,
by allowing the gallium species to react with the nitrogen species and to deposit gallium

' nitride on a substrate selected from the group consisting of silicon, glass, sapphire, quartz
and crystalline materials having a lattice constant closely matched to gallium nitride,
including zinc oxide, at a temperature of from about 480°C to about 650°C and in the
presence of a gaseous environment in which the partial pressure of oxygen is less than 10
* Torr, wherein the ratio of gallium atoms to nitrbgen atoms in the gallium rich gaIl.ium
nitride film is from 1.001 to 1.20; and

-(c) means for annealing the said film at a temperature of from abouf 20°C to about 700°C
for a time sufficient to decrease the resistivity of the gallium rich gallium nitride film to
below 1000 ohm.cm. |




WO 03/ 097532 PCT/ AUO3/ 00598 11 m xture containing a gal 21 &ebispacidsE in the
formof trinmethyl galliumand a nitrogen species in the form of ammoni a.
The apparatus 10 conprises a growh chanber 14 for growing the gallium
rich galliumnitride filmfromthe reaction m xture of trinethyl gallium
and ammoni a, and to deposit galliumnitgide on a quartz substrate 16. s The
apparatus further conprises a |laser 18 to induce the deposition, on the
substrate, of the galliumnitride forned by the reaction m xture. A renpte
nitrogen plasnma 20 operated at m crowave frequencies, to supply additional

pi trogen t;)'rl’_ter@pgﬁ@mmay hameimﬂyemﬁ,ﬁaé ufeensr:]ﬁﬂ_tobﬁb'%ﬂ'ﬁ e fefnplefathte QY st f
or control er i) the growt i 0 chanber in'the range o

f rom about %g%“{f%‘?é@@ﬁa@‘%@ﬁlﬁ&mmdﬁb%ﬁrqlkngﬁ@deme@w@mmp(h)eis 5
gr owt h charpnefewbgf@q)ebneroecdsxﬁaﬂﬁﬁg)ﬂle%:ﬁﬁéfaﬁréa?tabbﬁttsf@déced to provide a
gaseous environment in which the partial pressure of oxygen is |less than

104 Ton. TIThe\uppatdtis YDl cothli ' ns. for_controlling the
parti al pres:\lf@g f oxygen in E{Iéﬂpﬁ?ﬁé %f%ggﬁ%n%%f%@ PEGISUTE OF PRYELH)
| ess than ftj:pé{))mﬁ(:ssﬂgarqw Hatre 16, annealing neans 30 is shown, for

annealing the galliumnitride filmafter it has been grown, at a
t enper at ur d h6fpPParats aoufurtheramprisecutasd a0 duee, @ StépTEb)s thef depbfidn, ohQhe

decr ease t | SEh VI Ty Qf fh al | j rich . galliumnitride filmto bel ow
1000 ohm c?n&S&ﬁgé§1€ﬂ1§§EI¥1§&a Esr%)(iee 89?%‘2’6%6?3"9 PHYPIS-ng the anneal i ng

t enper at ur [ Li.um,pnitride film between about 50C and about 500C.
ZOWFn- use, ?'légfgﬂéa?gtg?%ag B &R comprise areraels Mlasgiade asvist it therdepbsititreof 14,

it is. purgesliwmtditrideiftond g@Fedtidn hfixfgslove as nuch oxygen as possible, in
order to prevent oxygen from being built into the galliumnitride film

The' subst r Zheapparaed faY o4 28dif6h thgpd |t ol foasLLico | ass,
al uni na, s&pphliblrﬁé, qua_?tz and crysPaf%E%nsgg{gdrﬁ}é)P% %iaﬁﬂe@ng%’f‘&rﬁt@m
const ant cfy¥a the agncaling step (¢)dietveemabputr00€ anBebeutseoet. t he somewhat | ower
25 operating tenperature, a cheap substrate such as glass may be used. In

order to iR enperateimag firthes| cogprise b uemotefnitrbgent plhsiha mab#ihed af ﬁ%?&vrﬂé(:h as
zinc oxid ; Lent ]l y..be ~used between the galliumnitride ti1lmand
t he subst(ra%%gn%%%(gah%g’@él&mﬂ °B4, the growth chanber 14 is then
ted t]l e .
~ evacual ed Hi épparaa?usoﬂg f{'mher comprise means for providing, in step (b), a total pressure

between 0.1 Torr and 15 Torr.

The apparatus may further comprise means for evacuating the growth chamber to an
absolute pressure of between 1.0 x 10”° Torr and 1.0 x 10°® Torr, before the reaction

mixture is introduced.

The apparatus may further comprise means for purging the growth chamber with nitrogen
and means for evacuating the growth chamber to an absolute pressure of between 1.0 x

1 -5 R
10” Torr and 1.0 x 10 Torr, before the reaction mixture is introduced thereinto.

| VAc‘cord'in_g to an elghth aspect, there is provided a use of an apparafus for the
_ manufacture of a gallium rich gallium rich gallium mtndeﬁlm, t‘lilrémz.ipp;z‘artﬁsl;)wrnpﬁsing:
means for preparing a reaction mixture containing a gallium species and a nitrogen
| species; a growth chamber for growing the gallium rich gallivm nitride film from the
| reaction mixture and for depositing gallium nitride on asubstrate; a remote nitrogen
plasma source operated at microwave frequencies, to supply additional nitrogen species to
the growth chamber; temperature control means for controlling the temperature in the
growth chamber in the range of from about 480°C to about 900°C; a vacuum pump to
| evacuate the growth chamber before the reaction mixture is introduced to the growth

- chamber to provide a gaseous environment in which the partial pressure of oxygen is less




partial pressure of at nost 1 x 10-0 Tour is obtained, p2eFebratnyy0around |
X1 0 6 Ton. 30 Before introducing the ammonia and trinmethyl gallium the
growt h chanber 14 is heated to an operating tenperature of around 570C,
using the tenperature control neans 22, - - - ------- -- 21 February 2007
WO 03/ 097532 PCT/ AU03/ 00598 12 and the renmpte plasnma 20 and UV | aser 18 .
are put into operation. It is inport@nt to ensure that the reagents are as
pure as possible, with particularly oxygen concentration to be as |ow as
possi bl e. thaneH)t Terry said tiso comiprisingepreparint & ¥E4eE6S mikhe cOhtRnilY §aliuf | N
t he growtg ccpeanbgr ligqis S maintained at | to 2 Ton, by usi n? a vacuum
control sy&TEh ®8rit PHOBER GPENE SRR the, gablivpyrichrgalliyen nitude fifm Hragalthe um
nitride frdaotiorsmidta ig tENBrokWAR hiner b5 AtoWarh i ' ' ¢
trinmet hyl ﬁral liumto react. with the am%@%@bﬁﬂ{ugl Sc‘)ge%{)eg?éf kéég% ﬁ%&nﬂe
nitride BIYOBHRSRESIS and e depesit gadliym mitside oortkersubistratecd ademgetwe sf fiom

gal | i um niBduie ' .ot ratio of galljum at to
ni trogen at o_rrglr g?? #opﬁéirb;ﬁ gg@gt@ %&g% %%é%gﬁ?e %%éqse?'fs § Vlrloﬁﬁ'ﬁpgt ’é‘n‘f’ﬁlcﬁﬁ%eep
t he oxygepartighneressurcael oxyses ik devs dBarp @S iTotre whicteire Heelifabio tdTatallnith AesmPlo

gallium & | tE re not ilt.intg the fil because that w ||

i nhibit mﬁgggﬁ%tﬁfn%fgﬁﬁga@m 1&81 éﬂﬁﬁ?w‘ﬂﬁgﬁ%ﬂfﬁés gﬁﬁ’i‘elga)l togl-3@ep. 15 After the
filmhas been grown, it is annealed in an annealing oven 30, where it is

mai nt ai ned at an anneal i ng BriefpResdription pf tie Dxbivings) t he absence of oxygen
at higher tenperatures wthin the range of about 20C to about 700C. The
filmis kept Preferns fbems b€ theguresenBivémtionawill moav Belédceibed) bytwaydsfaxampte, t he
resistivity of the ﬂ:gi liumri ch.%fa(lél iumnitride filmto bel ow 1000 ohmcm
This ti me NMTPRELRAGE FYTSRCOUAPPAYEE IRV IES Wherd-udi ng the 20 tenperature of
the oven 30, the concentrati 0{1 of oxygen in the film_the excess of gallium
over nit r 5§ il $howe the ¢lsmental gentent (Whatemi¢ percent) ane furtighiafibeamelyanren i s

gal I'i um rigGh) sallfift nitrifi SIMHIEB oBEiASPEE Example 1;

Figure 2 is an X-ray diffraction spectrum for a gallium nitride sample A also obtained

from Example 1;




25 Fifteen filnms of galliumnitride (GN) were grown at 34@ebasant 2007, 0)
silicon, using a renote plasma enhanced | aser induced chem cal vapour
~deposition (RPE-LICVD) technique. The quality ef filnms grown using the
af or enerW 8¥ead5izechni que nay be conparable to MBE gr owpqmEABeN@EISW t h
unintentionally doped n-type material being produced with roomtenperature
mobilities as high as 100-200 cn2Ns @]. - - --------- - -- - - 21 February .
2007 WO 03/097532 PCT/ AU03/ 00598 13 A high vacuum system was used for the’
filmgrowth, and the oxygen content of the filnms was noderated by
cont r ol Figuge 3 iscarbXakg diffraction estiing farthe palliomogieidel sampiOB 1 dbtainkd flpkr, to
2x 10' 6.Ton dependent on the condition of the chanber at the tine of
gr owt h.E’fﬂBplgirrpl es were all grown under simlar conditions - apart from
the varjation.in the s background vacuum]evel as nentioned before. O the
fifteentiBUFed i§)ppwnray Hflsaction specam (G5 aceplkiwarnituler sanple fgdsa pbipiaet gr ound
vacuum kgwetenipdefl, were subjected to ERD analysis, as outlined bel ow
These three sanpl'es were respectively labelled A, B and C. The three
sanpl es E : I rar il ftean.  The ,nor phol ogy
for ;theFt {r;egjeg@gfrsrp%ﬁg‘gﬁ r%%é‘éﬁ?% %?rgdga Eﬁéﬁr?‘?%g m%o&ﬁg%g%lpismanﬁ%%% @g éd in the
dr awi ngg:.4 er . i | ow. fil wer “OwWn on
gl DERSSR AN IERE shidonShTr s Bifo piFe CBllym mife HFpPe Bt

silicon substrates previ o een ‘degreds hed in

s 11 obEbiecP il R honipRREE ol o Spl E AT e A bR oA ¢ of 0"

the thr filns, e bhackqgro pressure of the gromh .rig,s also
i ot o showd ® el G 98 S RESC i ble 4 QRedre i et fiutn ®

Gaat omi gitfidblfilaOoribr4® réedysthildzsde. 0 N atomic %25.8 0.3 42.1 2.0 43.0 2.0
‘Oyatomic %22.00.4 9.51.0 2.40.5 Catomic%2.60.2 4.81.0 3.90.5

10 - Figure 9 shows a cross-section of gallium nitride film, after about two years of room

temperature recrystallization;

‘Figure 10 shows an X-ray diffraction spectrum of a gallium nitride ﬁlrh, prior to

recrystallization;

Figure 11 shows an X-ray diffraction spectrum of a gallium nitride film, after about two

15 years of recrystallization;

Figure 12 shows an atomic force microscope image of a gallium nitride film, prior to

recrystallization;

Figure 13 shows an atomic force microscope image of gallium nifride film, about 18

months after growth;

20  Figure 14 shows an atomic force microécope image of a gallium nitride film, about 18

tmonths after growth;

Figure 15 is a simplified block flow diagram representing an apparatus in accordance with

the invention for the manufacture of a gallium rich gallium nitride film; and

Figure 16 is a simplified block flow diagram representing an apparatus in accordance with

25 the invention for the annealing of a gallium rich gallium nitride film.
Detailed description of the drawings
Figures 1 to 14 are described in relétion to the Exainples.

Referring to Figure 15, there is shown an apparatus 10 for the manufacture of a gallium

ﬁgh gallium nitride film. The apparatus comprises means 12 for preparing a reaction




Hat omi c% 8.30.1 3.00.5 3.20.5 Background chanber |x104 ToFebaushO20®7Ton
2x10"6 Torr pressure prior to growh As can be seen in Table 1, Sanple A
had an oxygen concentration of 22.0 at % whilst 20 the oxygen
concent rwiDios9750t Sanpl es B and C were respectively 9.5 potARo#oodis %
------------- 21 February 2007 WD 03/097532 PCT/ AU0O3/ 00598 14 These
condi tions produced Ga rich material ldnder | ow pressure when the oxygen
concentration is low. XRD was carried out using a Sienmens D5000 X-ray
Diffractoneter, while the AFM results were neasured using a Park
Sci ent i fmigture sontaming 8 gallvaPspdiesiin thhdoew f atimet@allium ke a Efogepect r a
were col | ect ed w th a Fhi | i ps 21§h3OESEM envi ronnental SEM _After growth, the
three sSRPTE I frdormpof pmmogiac Theapparaiyp 10 qosprises 3 weowtiughamberel 4 foryni que
syst em fepswinBIhapallieh SicHSlafird 9R¥ide i BEA el Rad)Rl ﬁlﬁﬁhﬁ%- of {Hr @>! em 1 s
particularly suited to the detection and quantitative anal ysis o? I ght
el enent g2dyahandammpnip.sudito depeyig aallismanitrid¢rongequartThebstrste 16f thi s system was
of interest because of its high to detection efficiency and the prom se of
| ovef i dhecdnpgs dwithe gomprsasaxlpes Uileto indroe\tho depositipey o tizesubitrdte,af
differe . ' -up. Wth |ower detection efficiency,
Elff;[ %%l‘?lﬁn %fmﬁ@ Hthed F? ﬂ'E'?Pac]%lgé émgw _

had res I'n severe nitfogen fer heavy i on beam bonbardnent so

that acqu I ] | ysi s could not be carried out. For the ERD
measur e%%@ﬁg%ﬁﬁﬁl&%%@%g%ﬁﬁ T6eaP ogFﬁqu‘;‘%Nfﬁ’ ¥ additipgal| ot 1 on
accel er attogenesthe geavthish@abdr. | ons, i ncl udi ng hydrogen, were detected at 45
relative to the beamdirection using a | arge detection solid angle (3.5 ns)
gas i onfTeape@iure d6iifs nians 20 es piogided T6¢ WRRRAIBAIE it iMale @MtHe RRAFL
direction s.112. 5. Kinematic energy broadening over the acceptance angle
Jvias 'S or FRAmRSY in e qangernd iogsabonbdBQ°hite Ahetiti%8A°C pr ovi ded by the detector [2].
For sample A the filnisubstrate interface was well resolved 20 so that the
film cofpFSPUmPNMPRA ig uprs ta svaquaterthel gtk changbeapbeforethe atdction mixrriacy by

introduced to provide a gaseous environment in which the partial pressure of oxygen is

less than 10™ Torr. The vacuum pump 24 preferably comprises means for controlling the

partial pressure of oxygen in step (b) at less than 10™ Torr, preferably less than 10°° Torr.

15 In Figure 16, 'axmealing means 30 is shown, for annealing the gallium nitride film after it
| has been grown, at a temperature of from about 20°C to about 700°C for a time sufficient

to decrease the resistivity of the gallium rich gallium nitride film to below 1000 ohm.cm.

Means 32 is also provided for controlling the annealing temperature of the gallium nitride
film between about 50°C and about 500°C.

20 In use, a suitable substrate 26 is placed inside the growth chamber 14, it is purged with

._\7//-4

nitrogen gas to remove as much oxygen as possible, in order to prevent oxygen from
being built into the gallium nitride film. The substrate is selected from the group
consisting of silicon, glass, alumina, sapphire, quazti and crystaliine materials having a
lattice constant cldsely matched to gallium nitride. Because of the somewhat lower
25 -operating temperature, a cheap substrate such as glass may be used. In order to improve
the crystal structure of the film, a buffer layer such as zinc oxide may conveniently be

used between the gallium nitride film and the substrate.

‘Using the vacuum pump 24, the growth chamber 14 is then evacuated until an oxygen

partial pressure of at most 1x10™ Torr is obtained, preferably around 1x10° Torr.

% Before introducing the ammonia and trimethyl gallium, the growth chamber 14 is heated

to an operating temperature of around 570°C, using the temperature control means 22,




normal i sing the detected recoil yields with the RutherfoBtl Febaaty2d0ig

cross-section. The filnlsubstrate interface was not resolved for sanples B

and C, since the filnms were thicker than the probing depth of the

techni gD 0378 is 1019 at/cnR for this material. A diPCIAUGHHIEr i son of

the yields was thus not possible. However, film conpositions have 25 been

determ ned by adapting simulations t&2the neasured energy spectra. The

- hydrogen spectra for the filns were anal ysed by conparing themw th that
obtained for a Kapton filmwth constant H content [3]. An exanple of the

ERD r esand the regmeth glasma 20 Ang UWAE lagerf 18rare pgh®e dperatiohr ke dsikquntant totehsuire sanpl e

conposi [,i.ons IL.s al so shown in tahle For all three filns th

ctof oni DHEMR,oeshlse RRle s pessirls “with paFRuiy ckHed wrorRENGR R Y387 Au | ons,
whi ch chw @pagéiblel but ed to the beam induced desorption of the volatile

el ements nitrogen and hydrogen. The initial conposition of the filns was

t her ef ORtherl ah@ et NROmBYurk i Rtfodaxdd, AROB pRRsUre irf BleOpo®h chintfnaa-is 21
February 2007 = WO 03/097532 PCT/ AU03/ 00598 15 The XRD and AFMresults, for
t he SanBdaigsdeatshdqd TormPyyusias pvapugmgeontpl syserpecontroling. thyvecuum smal |
peaks iﬁ#ﬁégy‘re 2, at 32.2 and 36.1 20 degrees are attributed to the film
Their shall size (a 3 hour data coll ection period was used for all the XRD

spectra &: 1. .nqJ: h ' |.S 4CO

oyt ai 17 GauRip 3RO MRk ik 16'ad roin Bolr i TG sBlxpiEr bisay

(quot edalsvibg thegriateth3b gAbuAGo degt edth the ammoniacddl & 12)depodii gadlidrh @itdak at

- 32.2 ma e dlgs Eo the (1010) reflection of galliumnitride. Table 2 lists
some co?vfhﬁ’ﬁsﬂ ir;g “ositions for galliumnitride related conpounds. Table 2:

posi tions fo*'1 I\/*I | er-Brayi as, | ndices,_of commop Ga caontaining species using

Pt g dhe afossmenigedd sepditisen waligEsT BEEH YRy dte BREMYRZER R
Spect I aatio A aRAiAM fi6:RMd llﬁﬁ‘oécg:ﬂgmb PRomIbost 101 aPast 1305 nfEH4E) 3 GaN

Monocl i nic cubic (hexagonal ), Indices 20 Indices 20 Indices 200 (102) 19.08
~ (200) 2w kerp tho p8yZR. wongentration as low as possible, to ensure that oxides of gallium

and/or nitrogen are not built into the film, because that will inhibit migration of the extra

gallium'in the annealing step.

15 After the film has been grown, it is annealed in an annealing oven 30, where it is
maintained at an annealing temperature, preferably in the absence of oxygen at higher
temperatures within the range of about 20°C to about 700°C. The film is kept in inside the
oven 30 for a time sufficient to decrease the resistivity of the gallium rich gallium nitride
film to below 1000 ohm.cm. This time will depend on various factors, including the

20 temperature of the oven 30, the concentration of oxygen in the film, the excess of gallium

e over nitrogen in the film (in other words the extent to which the film is gallium rich), etc.

Examples
| _ Example1

25 Fifteen films of gallium nitride (GaN) were grown at 540°C on (1,0,0) silicon, using a
remote plasma enhanced laser induced chemical vapour deposition (RPE-LICVD)
technique.. The quality of films grown using the aforementioned technique may be
comparable to MBE grown material with unintentionally doped n—fype material being
produced with room temperature mobilities as high as 100200 cm¥/ Vs [1]. | |




- (102) 24.32 (220) 34.062 (0002) 34.605 (202) 31.27 (310p1Febiaty AWM¥1
36.963 111 33.52 (222) 41.989 (1012) 48.267 111 35.24 (321) 45.450 (1120)
57.915 (104) 37.54 (400) 48.735 (1013) 63.639 (113) 38.40 (420) 54.972
(2020) &0 dh@d7530211) 43.00 (422) 60.678 1122 69.173 ( 1G@rAdb3Baseg021
70.602 213 45.88 0004 73.000 (015) 48.72 (206) 49.68 (304) 50.99 (106)
52.69 21 February 2007 WD 03/0975321PCT/ AUO3/ 00598 16 (302) 54.70 (311)
56.60 (313) 57.69 The XRD spectrum of sanple B is shown in Figure 3. The
inset in Figure 3 shows a smaller 20 regi on where the GaN peaks dom nate.
A nar r o\eHigls PRRLIAysteBN@8s iedTHOM® filin gréweh, hitbie dlygdh@nfngof e fidms t hi s
sanple, since sonme interference fromSi peaks is evident at s the higher

n

peak anypemodeigtedibycentrallingtheackeranad pressus Bierde gspvehalom kklfndofrea. | n
fact a ¢ lol® T8k &Bleé&eh%l?th%%lﬁdigén Bf the lchRhE& SR theQiind %9%@ GaN peak at

32.96 20 degrees, ‘recognisable by its narrowness conpared to the GaN

peaks. Tﬂ% ﬁgr@ﬁig% g‘égegﬁ'lj]"@%ﬁﬁ \i56& sémﬁ%xﬁégnﬁﬁ{&ls Qgﬁeéz{'rgﬁbxﬁli thE ivgl‘?at[o%! ialfd peaks

~at 33.0 degr ees. e presen hese multiple GaN
r ef | £ct bawkground iveatieslepell ag auansivmdd baferenat erial with nultiple crystal to
orientation. Another unknown peak is present at a | ower angle (26.45 20
degr eesPf ahel fifteay filmsdgreowng thice sampiespohadhe spannydialte rinpe cfabgekgrotind he XRD
spec'; ' u‘rJTz}c?leFiegég eusg'd,swhgr\évssu Jhe%gedttgeEﬁﬂl zgﬁaiy%{sl, %Qto%%]{n(%g b%?oswe.r }ﬁa(sj,e ft}?r%e

samples were respectively labelled A, B and C. The three samples were representative of

the larger group of fifteen. The morphology for the three samples was studied and the

10 results are reflected in the drawings and tables referred to hereinbelow.

The GaN films were grown on silicon substrates that had previously been degreased and
dip etched in HF:H;O 1:10 solution, rinsed in 18 MQ-cm H,O and then dried under

- nitrogen gas flow.

15 Table 1: Atomic film content determined by ERD analysis of
the three GaN films, the background pressure of the growth

rig is also indicated for each of the sample films.

Sample A Sample B Sample C
Ga atomic % 413+ 04 406 2.0 | 475+£20
) N atomic % 258403 | 42.1£2.0 | 43.0£20
O atomic % 220+ 0.4 9.5+1.0 2.4+0.5
C atomic % 26402 | 48+10 | 3905
H atomic % 8.3+ 0.1 3.0+0.5 32+05
Background chamber | 1x10™ Torr | 5x10% Torr | 2x10°® Torr
pressure  prior to
growth

~ As can be seen in Table 1, Sample A had an oxygen concentration of 22.0 at-%, whilst

20

the oxygen concentrations of Samples B and C were respectively 9.5 and 2.4 at-%.




sanple B has largely disappeared. A single strong peak i 21&ebadent2007 34. 4
20 degrees, which is the (0002) reflection of GaN. The presence of this
reflection indicates is predom nantly (0001) oriented material with the
hexagon®0 8¥¢us2ure c-axis aligned normal to the (100) RUOMW@W3®B039BCcon
surface. The predom nant (0002) peak indicates that the c-axis is oriented
perpendicul ar to the surface of the d$éibstrate. Some small GaN peaks at .
57.7 and 68.6 20 degrees indicate the presence of a small anmount of crystal
mul ti- orientation, although the (0001) orientation clearly dom nates. The
unknown Thesakeaditifhs 2firodbeed 0Gd edele emterimb sindpr dbabprgssare when the oxygen

gal I i um ni t en-.0 en conpound is also still present in this spectrum

t hough Y% %’tond h lower intensity than the (0002) reflection. The AFM
measur e ts show, the m)rpholﬁ%%; of the sanple surface, for the sane

sanpl es wiaR @it AuiiEnNg g Jemenss DSAR-ave Ditfretometss- white the AFM

t opol 0gyes@its w&é rRRASRCE uﬁn %Mtﬁic%%&té RuPRWe TR cSifBttmode,
crystal I|tes of appr oxi rra % 25 nm averagEgﬁl ameter. In Figure 6 the

t opo! og¥hoEDSsnpaten \Berewpuwtq a Bhijige X1i3 Mgnvirpomentel§EMsanpl e there is
an appreciable increase in the crystal size. The nmultiple crystal
or i ent afftehgiowithlethe thnee straplxHidms pAc Brand, (fl,owe!saﬂubmateﬂ tosha AR mhmiaemt in the

Vot or AP Kl JoP M SRNSHE Wbk B0 bR bobIS i afaihtlsS RL QMG 8 2, L0 o
shows aparticudariy isniesis il dempah di&@hntntaﬁgfmﬁlyﬁeaaph tCelefderits BudH bd t he

reduction in oxygen ¢ ntent 2.4 at -%for S sarrple t here has
been anmfrﬂ%‘f”e%ggq en; 3pd Y§'§’£§‘F ez"éef’ thissysira I‘;‘@%Og‘iﬂ texgsp Pesapieeidisyhigng nm |

The qgmul &étedﬁbheéﬁi@iehgjﬂsanﬁr e Chbmh&Y of 8RB §orB dinhfe fahﬂﬂgrbegfﬁyeﬁsbs&%nt ent

“have di sappeared and the surface appears to have s faifly uniform
¢t yst al Piewiong exprgieace withg chff@rgnfdtm Pﬁh*tfﬁé idRBRIDespirup swithildveds dsteetiom si ngl e

strong eiﬁaeﬂga%aar} %tﬁéﬁ'u\{se\%fre g@g&gh&s% &ﬁﬁ%qmé&k bpﬁlbsla&%hf gp. Figure

8 shows a cross-section o umnrtri
recryst thi aczmtemmmpmsuimgaiamam;ebdulémms& mmgimutSEM It will be noticed that
the filmis still polycrystalline. Gallium [}ltr_i de film shown in .
Cross- sEcsrtﬁherERjﬁlmgmrdmeeﬁsdadmmsoblﬂ(gmﬁe\b“él@l Alhiend iffom itlse NWW14UID pri or
tof ooni)é]%ggg ra%}:e Srator was IYS%:EI a"klecioslfa%oln(s) r]mcludmg hydrogen, were detected at 45°
relative to the beam direction using a large detection solid angle (3.5 ms) gas ionisation
detector. The angle between sample normal and beam direction was 112.5°. Kinematic
energy broadening over the acceptance angle was corrected usiﬁg the position information
. provided by the detector [2]. For sample A the film/substrate interface was well resolved
20 so that the film composition could be detenmined directly with excellent accuracy by
“normalising the detected recoil yields with the Rutherford scattering cross-section. The
film/substrate interface was not resolved for samples B and C, since the films were
thicker than the probing depth of the technique, which is ~10" at/cm? for this material. A
direct comparison of the yields was thus not possible. However, film compositions have
s been determined by adapting simulations to the measured energy spectra. The hydrogen
spectra for the fihms were analysed by comparing them with that obtained for a Kapton

film with constant H content [3].

An example of the ERD results is shown in Figure 1 for sample B, a breakdown of the
sample compositions is also shown in table 1. For all three films the stoichiometry
30 changes linearly with the fluence of incident '*’Au ions, which can be attributed to the
beam induced desorption of the volatile elements nitrogen and hydrogen. The . initial

. composition of the films was therefore determined by hnear extrapolation to zero ion

fluence,




Figure 9 shows a cross-section of a galliumnitride fil nRaFebruatwi07ear s.
"As in Figure 8, a field em ssion gun SEM was used. Sonme recrystallization
is noticeable. FEG SEM cross- sectional view of galliumnitride filmthat
has undewgeses?ssom t enperature re- crystallisation over ecpavonesed about

two years. Sonme of the original crystal boundaries is are still visible
near the top of the film The horizonbal |ayering has yet to be
investigated but is also a result of roomtenperature annealing. Fig 10
shows an X-ray diffraction spectrumof galliumnitride filmafter growth.

There afThe meaﬂd fﬂFMadesﬁEﬁkﬁ)rl thei SaRpleg abdllshbwR! ine Rigaldsop4ansd syl |
crystal size. 1 shows an X-ray diffraction s ectrumof galliumnitride

after 2“‘;?8%%’61& %P%BYH smell peks i Hidwe? aﬁr?é’a# Arth36.Y128 dsgrses argmttributsdw
doni nat ?&it}JéYﬁlﬁPQ"hBﬁlsﬂfall%?%k 2 3 BGLCR @&lc ?eﬁ&? wab WBRS a8 JBE %f ed
orientation, also s nar r ower |n nproved

cryst al $nqqtr@)yandﬂirggbpssan¢mtas tint tﬂée‘iindma;bnmoseﬁowﬁmaﬁl drysnﬂlmeeg’ﬂmnmalat t he

thi o oatt el maf BE ¥E8%e el TS HEh Of IR Blg Rl a5y A B BB 51 T um
nitri detabler z)amle th‘lpaﬂ{t #r32.2mal/idendi@r tovhb (um reflegion %h@aﬂmhhmﬁws of
13 shows an atonmic force

crystal roxi mtely 100 nmin._ di

mcr osciﬁ@gﬁﬁ‘éﬁéow cf’%g‘ B%ﬁ“l“?‘lfﬁge at“r“i”?}é“‘?g ej%téd QUPGRHAL-hs after film
grow h. The image shows that the crystals are now indistinct . A better
exanpl e (though an earl ier AFMimage of the sane scale was not taken near
gromh - a larger ﬁwatﬁ is shown below for a two year old sanple,
wher e tW@bl?rzySPP&‘F@n% Hler Bragips fadiseselzqomupeon Sacgontaintngspecies usingt

gal Lj um ni rature is

( nom‘dnal |y escrgﬁgﬂé&gcslb%s'ilaﬁg#%rl@egt a?&%@?gﬁ %‘wﬁgse'"\?m '%ég#%er atures
generally above 950A@,apmdfremahbﬂﬂl‘l)ﬂ-1®0BDEQtdee.[ 4] However, these

substrjate materials tend tlo be expensive so {hat the cost effect]i ve
appliciation off-GmBsent de\i ces i Gd(OH)i ed. G owth at Righ 21 Febrjuary 2007
WO 03/097532 PCT/ AUO3/ 00598 18 tenperatures also entails a | arg¢g
expend t ur e (Monbelini€r at ur ¢ resi st gsubicr owmt h equi prremexa@mdnanci | l{ari es.
Consi der abl e Sawt ngs and ¢xpansion [n déVi ce USE can be] achi eved by | ower
t enperjat Ungicey owt h, zmy bel opm@RQ0 €, ompg ess| expRrss vel subsgrat g
materijals,

(102} 19.08 (200) 23.772 (1010) 32.412

(102) 24.32 (220) 34.062 (0002) 34.605

(202) 31.27 (310) 38.101 (1011) 36.963

(111) 33.52 (222) 41.989 (1012) 48.267
(111) 35.24 (321) 45.450 (1120) 57.915
W

(104) 37.54 (400) | 48735 (1013) .| 63.639

(113) 38.40 (420) 54.972 (2020) 67.750

(211) 43.00 (422) 60.678 (1122) 69.173

(106) 4487 | (2021) 70.602

(213) | 45.88 (0004) 73.000

(015) 48.72

(206) _ 49.68

(304 | 5099

_' (106) 52.69




Al t hough material quality is |lower at such | ow growth tegpdediuanesj07because
s polycrystalline material is preval ent when grow ng on | ow cost,
‘tenperature sensitive substrates, such as glass or silicon,
pol ycr y¥QW¥i9a82mat erial is of sufficient quality for derisem3wemsfor sone
applications. For exanple, Bour et al.[5] have denonstrated that a bl ue
LED may be fabricated from polycrystdfline GaN grown on quartz using a GaN .
buffer |ayer. Despite the aforenentioned potential use, interest in B
pol ycr gstatrtineGaN-s—tostratt-+n—gonpart+sonto—that—ef—sinrgle—gryst al
mat eri gl , (R the kppwhedde base for this material is mlso corrgspondingly ..

: l aall

t

smal | . Fvatertat—jgrowr—betgw-650-Ct-¢nrds—to—betgalbium ¥ich-becayse of the
poor desotfpfli)on of §é.§6’ gal lium[6-8] Therefole, the wilder utiligation of
t hi s nptettat—+-g—el-o5ety—related tounderstanding the defect strycture of

gal I i um rt G4N. %\igi’earton et al {and Ambacher [9, 10} suggest tlhat oxygen
acts a I ow dopanht dn GaN and may be partially rlesponsibleg for the
uni ntentional n-type background doping of this material. However, growth
conditions can play a strong role in determning howa foreign atom
incorporates in a host matrix. For instance, oxygen is known to take part
in thelBoXRRY prRestram plosamplel & iscshownoin Bigursni. Thei inbet Ga ASgwe Awshaws aol ecul ar

beam enpi ¢ I I | cheyi our .deposi tjon ( MOCVD
[11] . &oﬂmﬁ%ﬁ@%é%eﬁé?%%ﬁﬁ%ﬁ‘ﬁ%h&@égﬁ %&%‘%{“’(“L’ e s Sheite {rbal | ?Jm
ri ch cohdinsetorfshe Bigpgrefor Hahsangsle, atnca soskahtedyenefosm [S1 Bbaks Asevidémeaul t of
this t e | evel trap.density i.s suppressed in LPE GaAs and_ the

mi nor i {153 g@f‘% %ﬁa\é(ﬂnﬁeﬁgﬁ%ﬁmﬁ%h&lﬂwgr Be“ﬁ‘gé’g&?témﬁﬁarﬁﬁ 1an png atsa kg facta can pe
sever al snoillldSy sulsiraregekt isd@ilhbahait hash bOra GEREpak 4 %iwcﬁ%scléé}éﬂs- 25

( Gal lliumrich Nis easily obtained at tenperatures bel ow 750 C because

“Pel ow EREMSpRIG Y ik pareowiiest coraparedifa HissOalN pewlesr dhis| samipdanshomssoseperabn 1 at e

[ 6-8]. : (T 1Y, Viy G i |.t1lons,
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since the presence of excess ‘galliumtrn e oves the
buf f er afdlese midiiplhdFady yefleatdonsasdicatasi polycraystallinepnaeréatevith moltiphecrystal

phot ol um n entl.y _depqgsited | ayer.s i | 1ium30 rich
gr o{/%t hlﬁcﬁgﬁgl §§o&n§0t§érre [a! I §%ﬂ§)ac§% Il%pﬁecsz%ﬁetéad oM ré%@ed%éé% HOVHTEFES i ace
accunulraay enduedd therieeorferattd\wayp@en observed under | ow tenperature
conditions [8]. In fact, slightly Ga rich conditions, below 750 C, are

of t en Jowgdihplb €cthu SERID kpdchem dFigMed shows fothe WilQforich@ibRys¥esveFor 10] -

There is tpeéeilf ore con(fi derable 1nterest in Ga rich GN.
sample as largely disappeared. A single strong peak is evident at 34.4 20 degrees,

which is the (0002) reflection of GaN. The presence of this reflection indicates
15 predominantly (0001) oriented material with the hexagonal structure c-axis aligned
normal to the (100) cubic silicon surface. The predominant (0002) peak indicates that the

c-axis is oriented perpendicular to the surface of the substrate. Some small GaN peaks at

R

57.7 and 68.6 20 degrees indicate the presence of a small amount of crystal multi-
orientation, although the (0001) orientation clearly dominates. The unknown peak at

.20 2645 20 degrees, most probably a gallium-nitrogén-oxygen compound is also still
' present .in this spectrum, though again at a much lower intensity than the (0002)

reflection.

The AFM measurements show the morphology of the sample surface, for the same
samples examined with XRD. Figure 5 shows the AFM three-dimensional topology of

25 sample A. The sample appears to show many small crystallites of approximately 25 nm
average diameter. In Figure 6 the topology of sample B, with lower oxygen is shown. For

this sample there is an appreciable increase in the crystal size. The multiple crystal
~orientation evident in the XRD spectrum for sample B is also evident in the AFM

'to'p_oiogy with some crystallites having their c-axis parallel to the crystal surface.




21 February 2007 WD 03/097532 PCT/ AU03/ 00598 19 The i neeFebaary20avi des a
process for the manufacture of a galliumnitride film which includes the
~step of growing the filmin an environnment in which the oxygen

~concent nad ox7333 | ow. This process results in the formticamubessogal | i um
rich film with high galliumnobility, which is surprising, based on the
experience gained fromthe filnms s of7 GaAs grown under simlar
circunstances. In GaN one woul d expect oxygen to behave in a different
manner dependent upon the material stoichionmetry. Theoretical studies that

cal cul an%ufehe showsmat fhede &ﬂ%ﬁ)ﬁniioﬂopéﬂ@?lcﬁluﬁnﬁ%f@lcﬁﬁnﬂlé (GaNg#ih tveith piicovi de
them as function of the Ferm _| eve Quite | arge changes in
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Coul onbic effects nmay co te suc ependenci es so t galliumrich
GaN nussanipde Breeith bighemoxygen gontent Haxe wdisappearadnandr the isoefhcesappdire $o haxee al r eady

Th I | | I
ool <Py RS s 19is RF kTR U ) B3R
" the mat ﬂ;rdngIXRH pegdtdioglivd oflacifld duisinaritrceystal oEEtatigief ect present in GaN and

so t hei otential interaction wth oxyqgen,is briefl .S r.evi ewed here.
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structure of threading dislocations in N. ey concluded that under
gal | | unﬁ“md@t‘ﬁlglr shawp mosrass-eatien niing adisi emmlancgu@sSFsMeTh«v [ln s shove pr esent

at cﬁttb %Pjs{(}ﬁﬁraf'%gg &gﬁaflﬁﬁqdﬁ[ trogen rich material 20 gallium

vacanC| s are resent. Lee et at [17], however, carried out
i 'sel f- cBigeiesk shntve ahwsgee«dmmfta;gaﬂhm hitdeafilnb aSerdwoi yeats: Ais il Figyrd $GC- DFTB)
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condi t | @BGonalV idw t § gailiufd GRtRidY afi B Ctiat Sla undergdRe Ciodin Q@rﬁperhﬂnﬁi reccur s
only under extreme Ga rich caonditions. The open core and {@g& 25 core
di sl ocatygadisatinn avel wegn%%f O R ¥eeT- oms 9 e orgige PWidgriesGa and N

vacgnei stli}?ﬁlb‘i’é ne%}t i&‘g}’ﬁ{e’ﬁlﬁs THERJhed anhgﬁx% &Et)’to%@%?de@ﬁ afedf ©

present tor their tions, but suggested e possibility of oxygen
bei ng s dcalsy eyl oﬁropmésmperature annealing.

Fig 10 shows an X-ray diffraction spectrum of gallium nitride film after growth. There are
several broad peaks indicating multi-orientation and small crystal size.
Fig 11 shows an X-ray diffraction spectrum of gallium nitride after 2 years of room
20  temperature annealing. The spectrum is now dominated by one major peak, indicating
that the film has a preferred orientation, also the peak is narrower indicating improved
sample crystallinity (bigger crystals). Résidual polycrystalline regions at the film surface
prevent a narrower diffraction peak from being collected for this sample.
Figure 12 shows an atomic force microscope image of gallium nitride surface soon after
- 25 film growth. The image shows the tops of crystals approximately 100 nm in diametre.
Figure 13 shows an atomic force microscope image of the same gallium nitride surface 18
months after film growth. The image shows that the crystals are now indistinct . A better
example (though an earlier AFM image of the same scale was not taken near growth — a
larger image was) is shown below for a two year old sample, where the crystals appear to

130 have coalesed even further.

Present gﬁllium nitride device technology is based on, what in the literature is nominally
described as, single crystal material, grown at temperatures generally above 950° C, on |
sapphire or SiC substrates [4]. However, these substrate materials tend to be expensive so

. that the cost effective application of iaresent devices is liniited. Growth at high




di sl ocations based on earlier work [18]. This earlier work Febgiaperdar ned by

Elsner et at. [18] who also carried out SCC-DFTB cal cul ati ons. The
~findings of Elsener et al. nay be 30 particularly relevant to understanding
“the reswae/arsizhi s study. These authors assert, in a mamarozoésspapers

[18-21], that for Ga rich GaN growth conditions, with sufficient available

oxygen, it is energetically favourabl® for a galliumvacancy defect, .

conpl exed wth three oxygen atons on nitrogen sites, ie Voa (ON3i to form

at threading dislocations. This defect conplex is apparently very stable
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acceptor defects [18]. Segregation of th t conpl exes at

di sl ocaflthenghi materigds qnality eisedower ot csichbdewiugrowth e tenperatitres n betasyi es wer e
nore, s .1 ki - fi (o) e di,slocation sit. than in
the bu RAHEHEARLE oblilh 1y w0 Rt SR e Bech 1L s5in ST BB o ¢ ho
el ect r i subbtrates, radt ay glagoar GIINPR, palpgiyealline mdttridl Ss of atlficint Quility GaN [ 20] so
‘that the defect row paral.lel to the,c axis. re 1S sone exper.inmental
Veri 1 IR TGRSR e abalcatiogi, 5BS et eharet b [5] dave Seprraid et 8 [ 22]
used | oylE€NETOMaPASI FabPidatb® Frond PalyLHisElIARIGEN NRowh SMONERYE Yusi@a GRS 1O
spectroscopﬁéﬁto stud¥ vacancy formation in GaN and found that the G

 vacanc s sgr fespiie theripremeationad natntis} ssee intereglfin pripgastalline Gall ype GaN.
Thi g, s S ; : med.
1) ot R pbditkisor 46 of oFEmERAAINr BUKASE SRTR: RAGAGIIVLAS 6 b T
¢ ianot ulieateidlés akso whirbspondinglycimallo Maiériab eyayemb§la®]650° Femishib pe gabbmindi ng
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dof ot Gy ertspad the FOURIRr Bhiod P et iogh G ellive, BecHireRIrBiot ; on

- W th GoofviaBanatefis! i¥eslodety rdited ad anlerstamding s eefodtysthetuseaf ggdatmonciof these
- conpl ez&;lrat di sl ocation sites. The open core and full core dislocations

provid adequate supply of Ga vacancies for the conplexes to formin Ga

rich films._ 20 For the GaN fil ns exam ned in Exanple 1, the above_ data show
an #ncr easdepton et al and Ambacher [9,10} suggest that oxygen acts as a shallow dopant in

GaN and may be partially responsible for the unintentional n-type background doping of

this material. However, growth conditions can play a strong role in determining how a

foreign atom incorporates in a host matrix. For instance, oxygen is known to take part in

_ the formation of point defects for arsenic rich GaAs grown by molecular beam epitaxy

20 (MBE) or metalorganic chemical vapour deposition (MOCVD) {11]. However in GaAs
grown by liquid phase epitaxy (LPE), under gallium rich conditions, oxygen behaves as a

Y shallow donor [12]. As a result of this the deep level trap density is suppressed in LPE
GaAs and the minority carrier diffusion length — a measure of material purity - can be

several orders of magnitude higher than for arsenic rich GaAs [13].

25 Gallium rich GaN is easily obtained at temperatures below 750° C because below
that temperature free gallium has an extremely low desorption rate [6-8). GaN buffer
layers are commonly grown under Ga rich conditions, since the presence of excess
gallium in the buffer layer improves the buffer layer morphology and has lead to an
improvement in the photoluminescence of subsequently deposited layers [14]. Gallium

30 rich growth conditions -are also easily achieved in MBE growth where surface
accumulations of free Ga have been observed under low temperature conditions [8]. In

- fact, slightly Ga rich conditions, below 750° C, are often sought because of the improved

mor_phoiogy of the layers [6, ld]. There is therefore considerable interest in Ga rich GaN.




crystal size with | ower oxygen content. The inventors sugf€sbruahe2007hi s

m ght be due to the ' .) segregation of oxygen at the crystal boundari es.
Asimla -Qf oxygen segregation at the grain boundaries has been
proposedR¥@$9%%F§crystalIine AIN [24], which is chenical P¢T/A03058F to GaN
but in that case it was suggested th t he oxygen was incorporated as a 25
result of post-growth ex-situ exposure to air. In the present invention, it
i s suggested by the inventors that the oxygen is incorporated

pre-dom nant | durlﬁlﬁ% grow.h, as controJled by the background anbi ent
pressure of thE WXSHHOD Prewdes wbcrcésslgor the, Blapuiselarseefi 4 galism nitndeglim,
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VGa (ONeongmiatepitias This precesgaesudialin yhet fvmatiabofa galioserichifitmy withur t her

“suggest ; : Wole . I; 0 exes .i nhibjt any qyergrow h
by N oot Rl B TRHIGRE i B S S iripiee edtoed oBhthediivs 1 e

fi | e surf s\ seggown shdaraimidarsircumstangs JarGdN ehe Houll Bepeet 8xyeen 6 bblfe il m
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the 21 PaBHFGROHERer Gependond ypem Beppatenlotodusnery. Thearndenl studiealthator k of
El sner etlcalate, the fdimanién GhérkprBPGaHHS i cgording
to the inventi [ conductrgg in t_hgﬁpggse%@ngg_%?@%&%gﬁrgg@%ﬁﬁ%’r‘g% gm)imts
of oxy&éﬂ?ﬂ%g’? g&afqr@hleae'cqfr@al\&t@p@l loxge whanges imPribationdaucigysarangpored | ust  at
t hr eadi g sophes i . t _of oxygen present has_allowed

t he coal essggl}]cggg(?g gQéhi% sfeﬁgg%ﬁgéaﬁw}?h@ﬁggsggg &?ﬁéﬁﬁe’ﬁffg@%ﬁ%?mflﬁéﬂfgr ain
bountlar Cogpensation and ibchlised Soulonrbyseffitcts ey canslichisu@tidepehddnsie ¥p amt ed by

t he i nvent.ors. . in.th resenc ven snaller —amunts of oxygen than
“that st g@lhg{? ﬁlcthﬁ]éxargr%‘fséhigegﬁ%l@gﬁy% Ig‘étffﬁﬂygﬁwr?tlca]‘ Ypdies haye desady of grain
" boundar exsniged itihepeaific @age Thé rdlé bbggeRiNeAIBlA L afilm
- lattice m'srrg%.ch . S%fi&ieni atonﬁgénob%lity Eﬂg{a%g%h%pcgﬁr%gg&gg&%?esent at

the gr oWH8 ¥ ’PE%H‘J%F’ & fefeststrugiutes dresert inthy waterialo Threadingalislecatians i ce
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difficult. t oajobt ai Jrsltqﬁ‘(a:onts]ih(t%iri.&iI ng t h%letg%{’?rgggﬁﬁga%?&wgﬁ 8?{%@3? gnﬁﬁﬁ t he
spatd al fvEdsdieron required to distinguish oxygen at the grain boundary.
However, if the nodel holds true there should be sone relationship between
“the surface 4ruas WrighhandcStpehed|[b6)amactiadhaut tMomté Cary gimulations, explicitly

taking into account Coulomb interactions, to determine the structure of threading
dislocations in GaN. They concluded that under gallium rich growth conditions nitrogen
vacancies are likely to be present at dislocation sites, whereas for nitrogen rich material

20 gallium vacancies are likely to be present. Lee et al [17], however, carried out self-
consistent-charge density-functional-based tight-binding (SCC-DFTB) calculations,

| which indicated that the so called ‘open core’ and ‘full core’ type threading dislocations
should be most prevalent under Ga rich conditions, with the nitrogen vacancy being a
| special case that occurs only under extreme Ga rich conditions. The open core and fufl

25 core dislocations themselves are both associated with large numbers of Ga and N
vacancies. Lee et al, however, assumed that no impurity species were present for their
calculations, but suggested the possibility of oxygen being associated with these
dislocations based on earlier work [18). This earlier work was performed by Elsner et al.

{18} who also carried out SCC-DFTB calculations. The findings of Elsener et al, may be

30 particularly relevant to m_lderstanding. the results of this study. These autﬁors assert, in a
number of papers [_} 8-21], that for Ga rich GaN growth conditions, with sufficient

available oxygen, it is energetically favourable for a gallium vacancy defect, complexed

~ with three oxygen atoms on nitrogen sites, ie Vig,-(On)s, to form at threading dislocations.

This defect complex is apparently very stable once formed and is electrically inactive. -




15 content of the film Therefore in order to confi rm t he1mretalary@007an
carry out sone sinplified calculation of the expected oxygen content of

the fil %B%?’%?’i?? the available intergranular surface area and then check
this agal ns 3" known oxygen content found by the ERD BREAPEH598AN
approxi mate cal cul ati on was carried ;ltdt in the foll ow ng manner. For sanple
20 C, assunming c-axis oriented crystdl’s that are continuous through the -
t hi ckness of the film- but have an "a" axis dianeter (D) of 246 nm then
surface area ,of the crystals (excluding the top
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yields a total of 1.08x106 gallium atomns, B ¥wo  gal lium

atonms per unimhe@s s I S nunher of njtrogen atons in our
crystal vol urre?&T%\g“?fﬁﬁﬁﬁ‘rﬁ%ﬁ%b@?ﬁ%%ﬁlnﬁlﬁ%w SPWS%d lt’lf %g‘m‘?:rr? al
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Ej:"":gxygen qoakenttion/Gieré2Rg & ClPlegdnce of oxygen for n-type GaN. This suggests that
' stable Ga vacancy-oxygen complexes may have formed. Liliental-Weber et al, also noted
~ an increase in the density of GaN nanotube defects with the addition of oxygen [23],

possibly providing evidence that these complexes tend to segregate and form extended
15 defect structures.

In gallium rich GaN, oxygen defect complex formation with Ga vacancies may be
prevalent, and there may be segregation of these complexes at dislocation sites. The open
core and full core dislocations provide an adequate supply of Ga vacancies for the

complexes to form in Ga rich films.

20 For the GaN films examined in Example 1, the above data show an increase in
- - crystal size with lower oxygen content. The inventors suggest that this might be due to the
L) - segregation of oxygen at the crystal boundaries. A similar model of oxygen segregation at
~ the grain boundaries has been proposed for polycrystalline AN [24], which is chemically
similar to GaN, but in that case it was suggested that the oxygen was incorporated as a
25 result of post-growth ex-situ exposure to air. In the present invention, it is suggested by
the inventors that the oxygen is incorporated pre-dominantly during growth, as controlled
by the backgrpund ambient pressure of the chamber (see table 1). Their suggestion of
“oXygen segregation during growth is supported by the work of Elsner et al.[18-21], who
were able to show that the segregation of oxygen by the formation of VGa-(ON)n '
30  complexes is energetically favourable. Those authors further suggested that the formation
. -of these complexes inhibited any overgrowth by GaN so that segregated collections of the
~ complexes extended to the film surface as dislocations running parallel to the c-axis of the

© film. The results found by the inventors may be seen as partial confirmation of the
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- sur f ace distinguish oxygen at the grain boundary, However, if the model holds true there should

be some relationship between the surface areas of the crystals and the total oxygen

15 content of the film. Therefore in order to confirm the model we can carry out some
simplified calculation of the expected oxygen content of the film based on the available
intergranular surface area and then check this against the known oxygen content found by
the ERD analysis.

An approximate calculation was carried out in the following manner. For sample
20 C, assuming ¢-axis oriented crystals that are continuous through the thickness of the film,

but have an “a” axis diameter (D) of 246 nm, then the volume and available surface area

R of the crystals (excluding the top and bottom surfaces of the crystals, since only the bulk

is of interest) can be found and used for the calculation. The crystal volume can be
divided by the number of unit cells for the hexagonal GaN structure using the lattice

25 constants a = 3.186 A and ¢ = 5.178 A (taken from the JCPDS-ICDD PDF-2 database).
The volume (V) of the unit cell is given by

a%c3

2

V= 0

where there are two GaN molecules per unit cell volume. The number of unit cells (N)
that can be accommodated in our crystal volume is therefore given by
ER CN=Le@V @

=5.41 xwf




yields a total of 1. 12x 106 oxygen atons. Using equati ol1#ebnchnagGim
doubling the result because of the presence of adjoining crystals yields a
total oxygen /ﬁgqn .ent of 8.8 at -%for the film Gven the inaccuracies

i nvol ved TR I 2 approxi mate cal cul ati on, and the error PRECTHESHAIST or t he
ERD anal ysis, the agreenent between tQ' s cal cul ated val ue and the ERD
results (see table 1) is excellent. A®™Simlar cal cul ati on was nade for
sanple A, and assuming 25 mcron dianeter 25 mcron length cylindrical
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t hese spﬁgé&g) has been Iar}%el y _ignored in Exanple 1~ sinc e oxygen
content 9| EXHEG1 dloms At ihgrsubfpee af pur erystal dhergion gh an atopdepercentigeoaf 21
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the sampl %g of Exanple 1,71t Is pt‘%ﬁ%’gﬁg%a%ﬁggg r?gdli]éié\fr a Ibgl?k) cah'be’
found by the following calculation

at-% oxygen = 100(6Ng/(4N —2Ng)) “)
=100(15030/ (4 x 5.41x10° - 2 x 2505)) = 0.70 at-%.

where the second term in the denominator of equation 4 takes into account the gallium

20 vacancies present at the crystal surface. Doubling this figure to take into account the
oxygen termination on adjoining crystals gives a total oxygen content of 1.4 at-% for the
film. This value agrees reasonably well with the oxygen content of sample C given by the
ERD results (see table 1), and for which the AFM results indicate an average crystal
diameter of approximately 246 nm.

25 A similar calculation was performed for sample B. However, for samplé B the
crystals did not :xtend over the length of the film. The oxygen content therefore had to be
calculated for the total surface area of a typical crystal. Assuming an idealised typical
crystal of cylindrical volume, with 50 nm diameter (D) and 150 nm length (L), then N

was given as before by equation 2, though this time yielding A

3 - N =6.47x10°




proportion of the carbon and hydrogen was adventitious w2t lFebhese2tdral | er
atons being absorbed through voids present at the grain boundaries on
ex-situ %gjéTe of the films to the anbient. The ERD results show t hat
“the hydrggfqu carbon contents have been non s negli gi BEBAUGENSSS nl vy,
hydrogen is known to take up dangli n% bonds in Il1l-V group nmaterials and
to be present at percentage |levels i 3caN [9] . Whet her hydrogen woul d
actively contribute to grain boundary or dislocation formation, as oxygen
apparentl.y. does, erhaps less likely due to the snaller size of the
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Fol | owi ng extended periods of roomte ture anneal |ng (greater than 18
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were found to have
area at the polycrystallme boundaries can indeed accommodate a significant portion of

the oxygen in these gallium rich GaN films. Formation of the VGa~(On)3 defect complex,
which previous calculations by Elsner et al.[18-21] have shown to be energetically stable,
to be electrically neutral and to segregate at defect sites, is indicated by the present
20 calculations since this defect complex provides adequate oxygen sites at the crystal
surface to account for the measured values of film oxygen content, The incorporation of
oxygen during growth therefore appears to have a strong influence on the size of crystals
for GaN_. Given that the oxygen segregates at grain boundaries, and if substrates with low
Iatt_ice mismatch, or appropriate buffer layers, are available, then lowering the oxygen
25 content of the films should result in larger crystals or even single crystal material at low
growth temperatures. For the material grown here on silicon, however, it is expected that
only a moderate gain in crystal size can be obtained by further lowering of the films

| dxygcn content, as the lattice mismatch between pure GaN and Si is large at 20 % [25].

The inventors also considered whether, in the absence of oxygen, other impurity

3  species such as carbon or hydrogen woulcf behave in a similar manner at dislocation or
. grain boundary sites, The presence of these species has been largely ignored in Example 1
since ;he oxygen content has been greater for all but ﬁhn C. Tho_ﬁ_gh it could not be




conductivity. It is believed that these prelimnary result$ehnans2007

mani festation of the room tenperature nobility of free galliumin gallium
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crystallinity and the conductivity. 20 Exanple 2 The attached pictures
7 shows e‘i’gﬁﬁfl es, by a nunber of different measurenent techniques, of room
“tenperature re-cryst all'ization observed. The pictures show a lot of snall
crystals, evibehdighe exygen jevelofsamplef{erepeesentethelowest pxpgendncorppratinh, and a
much | egs I%H‘{fcrs‘é%f’é |, e r : e, . Gallium
nitride f?l ms gro grgré\g%ggil%rtreﬁlé'u \;sr}tsrf%{{eefsﬁs)S :}ﬁ?cﬁf %)es&éc Eﬁ(sa@él Of%xygen
incorporation, good qoality polycrystalline material was realised. The formation of an

15 electrically neutral Vg,~(On)s defect complex would explain the reasonable mobilities
obtained for this material, at moderate carrier concentration, in the presence of such high

oxygen levels.

ERD measurements of film oxygen composition have been shown to be correlated

with crystal size for gallinm rich GaN. Larger crystal sizes are achieved with reduced

20 oxygen, as controlled, in this case, by the background vacuum level. In agreement with
the work of Elsner et al. [18-21), the oxygen is believed to segregate at defect sites,

- predominantly as Vg,-(On)s defect complexes. In this case however the defect sites are

- crystalline boundaries. A comparison of measured oxygen content with the calculated
available surface area of crystals in the polycrystalline GaN films has shown that a

25 significant proportion of the available oxygen can be accommodated at the grain
- boundaries. The GaN was grown in a temperature range (~540°C) where it is expected to

~ be gallium rich. This is believed to be an important aspect of this type of oxygen
incorporation. There is at present no evidence to suggest that similar segregation should

ocour for stoichiometric or nitrogen rich GaN.

30  Following extended periods of room temperature annealing (greater than 18 months)
' some of the films no longer appeared to be polycrystalline and were found to have higher
conductivity. It is believed that these preliminary results are a manifestation of the room

“temperature mobility of free gallium in gaflium nitride. This improvement in film quality
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. costs for this material.

15 The as grown material is generally polycrystalline with poor conductivity. If the material
is grown under the correct conditions then it will undergo a re-crystallisation process at
room temperature. The time period for this process may be shortened by higher

temperature annealing. The process has been observed to improve the material

crystallinity and the conductivity.
20 Example 2

The attached pictures shows examples, by a number of different measurement techniques,

of room temperature re-crystallization observed.

The pictures show a lot of small crystals, evidencing a polycrystalline nature shortly after
growth, and a much less polycrystalline nature after two years.

25 Example 3: Gallium nitride films grown on sapphire substrates

Samples were grown on non-conducting sapphire substrates so that sample conductivity
measurements could be made. The growth conductions used were the same as for the

samples grown on silicon described in example 1 and 2 above.

Electrical measurements were made of the conductiizity of samples of gallium nitride

30 grown using the above technique. Some re-crystallization took place in a sample that was
. semi-insulating (resistivity more than 10,000 ohm-cm) shortly afier growth and became
much more conductive (86 ohm-cm) about two years later. | | |
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depositing the gallium nitride on pure fused silica using a low temperature gallium nitride

buffer layer. A similar mobility of 19 ¢m%V -sec was obtained for undoped n-type
material with a carrier concentration of 1.3x10'7 cm”. In that case, the glass substrate had
15 higher impurity content and no Si doping was used, so that this is an excellent result for

film growth using a ZnO buffer layer.
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“gaseous environment in which the partial pressure of oxygeRfebsalyeX®97t han
- 104 Torr, 10 wherein the ratio of galliumatons to nitrogen atons 'in the

gal I umrich galliumnitride filmis from1.01 to 1.20. 2. A process for
the manufacture of a galliumrich galliumnitride film conprising; (a)
preparing a reaction m xture containing® galliumspecies and a nitrogen
species, the galliumspecies and the nitrogen species being sel ected such
that, when they react with is each other, galliumnitride is forned; and
(b) growing the galliumrich gallium @'ﬂr' filmfromsaid reaction
m xture, by allowing the galliumspecies 1o react with the nitrogen
species and to ,d I te |10 nitride an a . substrat, a tenperature of
fr om about Ci2180 f@gg%gﬁf@gg@%l"%ﬁtyrqfq%@wggig@%m de SUBPIFS r onmrent
in which the partial pressure, of oxygen is | ess than 104 Torr, 20 wherein
the ratio ofAJEPRATHEEATHON Xt £o 8% BRI gpeaies agd A nitipgen spRcigalthe um
nitride fi | o~ SN NG - v ] ILl.m at a
t enper at ureg of f?‘%ﬁmﬂgﬁéﬂ%'ﬁ%@’%ﬂ ﬁ%gﬁ?%gggcﬁieg%ﬁ;ﬁ?ﬂﬁ ntl%h@, g&%‘f#@?er%cfthg{ﬂ
decreasé t kéchradbérsgalliimynitpide fsformged; lahdm ri ch gal liumnitride fil mto bel ow
: 1000 ohmcm 25 3. A process for the manufacture of a galliumrich gallium
- .nitride fil(hasowingithegallinm richajaliuin mihtedilm, from ssidepactibh miktuee, beaflewaigur

- 1S between 505%&"%‘“1 650% 4. A.@lrtﬁge s for the r’raguf act ure of a_gal lium
rich gal | i o SRR §ROGTS T edot with the gitogen spericnapd 5o depogitgaium misiids an &
step (b), hiterhe)@el Rinpefatied ofBOHI aRIOB0T t0ABLPIRPE finlthe preadhéh %‘f-}aur e

c

of agalliumrich galliumnitride filmas claimed in 30 clal_4 1 or aim
2, wher ei ng3sepusquypopgent ip fehighthe patialnressyrerad oy gends dess thas 108 o han 10
. Torr. RECTIFIED SHEET (Rule 91) |SA/ AU 21 February 2007 .29 6. A process
for thé nalbergh the gatldd of gdligml dtomsrtnnitiogeivatomisrin dke galtiimetich galtiuaintritle or

- T claim 2, wagk gl i 'b), a laser is used to induce the deposition on
t he substrat&é%o mtlﬁ}els%gﬁol('um nitride forned by the reaction m xture.

. 2. Aprocess for the manufacture of a gallium rich gallium nitride film, comprising;

- (a) preparing a reaction mixture containing a gallium species and a Mﬁogen species, the
gallium species and the nitrogen species being selected such that, when they react with

15 each other, gailium nitride is formed; and

- (b) growing the gallium rich gallium nitride film from said reaction mixture, by allowing

the gallium species to react with the nitrogen sbecies and to deposit gallium nitfide on a

'substratc, at a temperature of from about 480°C to about 650°C and in the preéence of a

| gaseous environment in which the -partial pressure of oxygén is less than 10 Torr,

20 wherein the ratio of gallium atoms- _ti) nitrogen atoms in the gallium rich gallium nitride
film is from 1.001 fo 1.20; and |

SUEL
N
[y

«(c) élmealing_the said filn at a temperature of from about 20°C to about 700°C for a time
sufficient to decrease the resistivity of the gallium rich gallivm nitride film to below 1000
ohm.cm. .-

| 25 3. A process for the manufacture of a gallium rich galtium nitride film as claimed in
~ claim 1 wherein, in step (b), the temperature is between 500°C and 650°C. ‘

4. A process.for the manufacture of a gallium rich gallium nitride film as claimed in
claim 1 or claim 2, wherein, in step (b), the temperature is about 570°C.
5. A process for the' manufacture of a gallium rich gallium nitride film as claimed in
30 claim 1 or claim 2, wherein, in step (b), the partial pressure of oxygen is less than 10°¢
- Torr, ' T ' |

" RECTIFIED SHEET (Rule 91)




7. A process for the manufacture of a galliumrich galli2tFabtuaryd2007i | m as
.claimed 1 or s claim2, wherein a renote plasnma is used to assist with the
dep05|t|on of gallium nitride fromthe reaction mxture. 8. A process for
the manufacture of a galliumrich galliumnitride filmas claimed in clai:m
2, wherein, during the annealing step ((‘2, the resistivity of the filmis:
reduced to less than 250 ohmcm ro 9. process for the manufacture of a

galliumrich galliumnitride filmas claimed in claim8, wherein, during
90

t he anneal png he re i stiv of the filmis reducedtoless
ohm cm 1015 % g%eg‘@)f‘?fc} efrﬁé‘“ atﬁ?é‘réahﬁmam e filimnes ¢laimegan claim hot ri de

filmas clahirﬁgg re p

anneal i ng compar ancioa t 51ep (b ATARH S vk IR IR S bt EC
for the naﬁh@fgaﬂﬂm@lﬁmefangadbyﬂmreacuhngaﬂuwm nitride filmas clained in
claim2, wherein, the annealing step (c) is carried out at a tenperature
bet ween ab’but AmWﬁbrﬂtﬂmHmﬂrﬁﬂﬁemfd gau[mmmbrghnﬁrﬂmm&v%clhﬁh&biéf na
film he%w ﬁysbal | o | c, characteristi.cs acceptable for use in a |aser

devi ce. ?Plfl‘é'?i‘?é%lgf"f oraRdEst Wik thg sipogijion fof galliam piggidar i ch

gal l'ium mﬁ-@md@e,fehéﬁanmm_rl sing annealing the galliumrich gallium
nitride filmat a tenperature between about 20C and about 650C and for a

1o Suff 18 ek phaecllory WS huhiiBetifodsd biffiboh 0 BRI Biel LEBLORU oM

nitride filmto beI ow 1000 ohm cm roces manu
gal I i um ruC&lmg?aIWhemm rduring dlee &nnlemtq:l (@D,ﬂhﬁirasmtwﬂﬁ oftheiftimlis e¢ductdioTess,

wher ei-n, tﬂ;ﬂs Hﬂ?é the reaction mxture is prepared fromamonia and
trirrethylg |um 4.7 A process for the manufacture of a galliumrich

-gal | | | | 2, . wh t |
o " ploceB B o PRt orG BB afihosa Bl oesngtiigs o
-and wher eicteimady] lwthemilalduﬁﬁg itheRmAbAln@GeD (cB thY RVisH o Wth@ ﬁﬁﬂnqp%e%hlféeﬁﬂg %s% rogen

pI asma nai,nt ai ned at m crowave frequencies. RECTIFlI ED SHEET
.1 SAV AU ?ri]ogﬁ‘o?‘ﬁary 2007

10. A process for the manufacture of a gallium rich gallium nitride film as claimed in

claim 2, wherein, during. the annealing step (c), the annealing temperature is from about
i5  50°C to about 500°C.

11. A process for the manufacture of a gallium rich gallium nitride filin as claimed in
claim 2, wherein, the annealing step (c) is carried out at a temperature between about
20°C and about 650°C and for a period long enough to obtam a film having
crystallograpmc characteristics aoceptablc for use in a laser device.

20 12, A process for decreasing the* remstlvzty of a galhum rich gallium nitride film,
comprising annealmg the gallium rich gallium nitride film at a temperature between about
20°C and about 650°C and for a time sufficient to decrease the resistivity of the gallium
rich gallium nitride film to below 1000 ohm.cm.

13. A process for the manufacture of a gallium rich gallium nitride film as claimed in
25~ claim 1 or claim 2, wherein, in step (a), the reaction mixture is prepared from ammonia
and trimethylgallium.

14. A process for the manufacture of a gallium rich gallium nitride film as claimed in
- claim 1 or claim 2, wherein in step (a), the reaction mixture is prepared from ammonia
and trimethylgallium, and wherein additional active nitrogen is provided by a remote

20 nifrogen plasma maintained at microwave frequencies.

RECTIFIED SHEET (Rule 91)
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30. FS. A process for the manufacture of a galliumrich gal Febmmani2007de film
as claimed in claiml or claim2, wherein in step (b), the total pressure
is between 0.1 Ton and 15 Ton. 16. A process. for the manufacture of a
galliumrich galliumnitride filmas clainmed in claim1 or claim2, ,
wherein in step (b), the total pressure igs between 1.0 Ton and 2.0 Ton. s *
17. A process for the manufacture of a g 95umrich galliumnitride filmas
claimed in claiml or claim2, preceded by a step in which the growth

chanber is ivacuat ed to an absolute pressure of between 1.0 x 10-5 Ton and
1.0 x 10-8 ton, Apapesss fembemanufactire ofiaxgalliwn irchigatlivo nitkide filiB as Alapnat s s

f th ' ' i itri fil | qi '

For e b g 2 AR 65 B R Bub) YRkl 0k

B A6 A 35 LB SRl BB b o bt i hahbeed o

Ton, befor ecluin1 beakirh QNwhbiriibtdpS(b), ith food ?%Qfe iherRedrd b Mo di{g‘é!b 11 um

nitride filmnmade by the process according to claim1. -ts.. 20. gal I'T'um

CLOT, Gatd 1 umm. o A fbied RheRApu G0 B RIARRR? iBE SNl Sk AR Wl bRimedihy 2
f sut ‘lnhed'l_'lgbl e

galliumrich gall'iumnitride tilmhaving a conpoSition as se

1 under t hdaiAeher elpinShmpeesdet by 225tepApwhizhube gowth whamberul avheuaedad an
b . i e £ anEhut ; \
Daaction witpde plRa drufdey . £308 ok Bl 1k LU o Before B0 hartias

t he gal | i umpee iscintradheteihe- ni trogen speci es being sel ected such that, when
they react with each other, galliumnitride is fornmed; and (b) neans for
growi ng t heggald proteds' @b timbhwibRtiid 6f aigaﬁjhhmiéﬂ £AMigA! Hid 838k ﬁ‘clﬁhféﬁgﬁe’
by allow ng the galliumspecies to react with the ni trogen species and to
deposi t*°gal®l3Bn} Oriclaimga, Ubs Brsferein Fthich thengrowth ghambdr is momgedbwith

ed
480C to ab ' - C ! S viropnment, i n whi-ch
the-parti a?ﬁ&gggg%@%% Ing%/g%%%?s 'gg?&t ﬁré)%%hggﬁ%ﬁfé eﬁ%raé?cﬁpc{ ﬁ’éapsé’?‘ftﬁ of
gal | i um at dressure ofiibetvoeren] Ao h®’ Torrtdvd Hald L ofrTois befped tHelrvactidn ind@urefis | M
s from 1'?9&051804%& 20. 23. Apparatus for the manufacture of a galliumrich
galliumnitride il m conprising: : .

19. A gallium rich gallium nitride film made by the process according to claim 1.

15.  20. A gallium rich gallium nitride film made by the process according to claim 2.

21. A gallrum rich gallium nitride film having a composition as set out in Table 1 under

the heading “Sample C”.
22. Apparatus for the manufacture ofa gallium rich gallium nitride film, comprising;

- (2) means for preparing a reaction _ﬂ"fi?cture containing a gallium species and a nitrogen
) 20  species, the gallium species and the nitrogen species being selected such that, when they
react with each other, gallium nitride is formed; and

- (b) means for growing the gallium rich gallium nitride film from said reaction mixture,
by allowing the gallium species to react with the nitrogen species and to deposit gallium
nitride on a substrate, at a temperature of from about 480°C to about 900°C and in the

25 presence of a gaseous environment in which the partial pressure of 6xygen is less than 107
4 ' '
Torr,

wherein the ratio of gallium atoms to nitrogen atoms in the gallium rich gallium nitride
film is from 1.01 to 1.20,

23. Apparatus for the manufacture of a gallium rich gallium nitride film, comprising;:

RECTIFIED SHEET (Rule 91
ISA/AU .
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. preparing a reaction mxture containing a gallium species and a nitrogen
species, the gallium species and the nitrogen species being selected such
that, when they react with each other, galliumnitride is formed; and -
(b) means for growing the galliumrich gglliumnitride fllmfromsald
reaction mxture, s by allowng the galliumspecies to react with the
nitrogen species and to deposit gallium nitride on a substrate, at a

t enper at ur e (of out 650C.and in esence of a
gaggous enw( Oﬁ%ﬁ?&?}%@ﬁ#@i&)& %@B}@}ﬂ £& gAlli 'Hli‘ysﬁg‘ﬁeﬁ q gyirogamn
10- 4 Torr spmw;thergaﬂium spedcies anll tﬂ:ﬁhi'tﬂogéﬁ §§e@f§§ be rb'elerc%aes'ﬁcﬁ B t§1

rom 1. 001 tg 20; an e?l means

galliumrich galliu nitride filmis

for annealf %fjgf”r‘i]é %‘E@%g T nifride igormediraad of from about ZOC to about
700C for a SI me suff|C| ent to decrease the resistivity of the galliumrich
gal liumnit (B) racans Qﬁgfﬁmﬂfeﬂhé\ﬂaﬂwoﬂglhgalbnm wittideAdpefretusid peactidiemixture,

manuf act ur ide, fi'lmas. clajne ai m 22
or cl alstm %’Qlfé%‘?rlpg%é %éi Sﬁ)gcx? %rd }ceo ‘? he’n'ﬂtr?ﬁél ﬁpgﬁ‘ﬁéf’“é Eﬂaeﬂoﬁ“§ ny p) -
i s bet memﬁﬁ&@maduﬁﬁﬁ(& afi teppratieé s ffofr atidie 483@&@%6&%5@50%&% ! m

“rich galllﬁcig}nltr*def clained jn claim?22 or claim23, wherein the

nmeans for troftd ﬁ‘bse?'f‘f’eet’cvé‘i?ﬁgllea‘i i ehiph thepapial pyessuge of amlnes Isbs than 107
control | i rf‘grdrhanh@siﬁ&h@iéﬁoeoﬁgalﬁaﬁ%oﬁ ﬂéger} é]BBﬁf,ittH? §Lﬁ ﬁﬁh gdffjumy 0 o

manuf act ur ¢ of agalllumrlch umnitr mas c

22 or c! ai'itds filegsfops].Agl tﬁah%& #dr controlling the partial pressure of
oxygen in. step (b) at less than 10-6 Ton. 27. Apparatus for the

manuf alt urée)encaas fulannentingitohsagd il ata mnpermimfofﬁmnﬁsbant 207 6b dbdut TERCM 22

E‘or claim D [ uce, (b eposi tion on

t he subst% ?at gﬁgg gdtfﬁéél&g t?ldleg%lg%%rﬁgégﬁ‘vb%ﬁ’é&g% ﬁﬁ‘@ ‘F%—:ba%%l{} ‘14(&@9@1@.15025
'28. Appar delesv 1@0 dtimecmmnuf acture of a galliumrich galliumnitride filmas
claimed 'in claim22 or claim23, conprising a renbte nitrogen plasma to

assi st” wi £24. t h@pd&lm_ssfot tlenmafhufacture of a gallium rich gallium mnitride film as claimed in
| claim 22 or claim 23, comprising means for controlling the teraperature in step (b)
15 between 500°C and 650°C,

25.  Apparatus for the man_ufacture of a gallium rich gallium nitride film as claime& 11}
claim 22 or claim 23, wherein the means for controlling the temperature in step (b) is
capable of controlling the temperature at about 570°C.

~ 26.  Apparatus for the manufacture of a gallium rich gallium nitride film as claimed in
20 claim 22 or claim 23, comprising means for controlling the partial pressure of oxygen in
i) _ ~ step (b) at less than 10" Torr.

27.  Apparatus for the manufacture of a gallium rich gallinm nitride film as claimed in
claim 22 or claim 23, comprising a laser fo induce, in step (b), the deposition on the
substrate of the gallium nitride formed by the reaction mixture.

25 28. Apparatus for the manufacture of a -gallium rich gallium ﬁitride film as claimed in
claim 22 or claim 23, comprising a remote nitro gen plasma to assist with the deposition of

gallium nitride from the reaction mixture.

'29.  Apparatus for the manufacture of a gallium rich gallium nitride film as claimed in
 claim 22 or claim 23, comprising means for reducing the resistivity of the film, during the =
3 30  annealing step (c), to less than 250 ohm.cm. '
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rgallfumnitride fromthe reaction m xture. 29. Appar at us 2fl ¢lebtuzey 2007
.manufacture of a galliumrich galliumnitride filmas clained in claim22
~or'claim23, conprising neans for reducing the resistivity of the film

during the 30 annealing step (c), to less than 250 ohm cm RECTI FI ED SHEET -

- (Rule 91) . ISA/AU 21 February 2007 3 530. Apparat us for the manufacture
of a galliumrich galliumnitride filmas claimed in claim22 or claim 23,
conprising means for controlling duri-ng the annealing tenperature during

t he anneal i,ng step. (c). bet ween out 50C and about 500C. 31. Apparatus for
the manufac Urnggra gfﬁfﬁ?eu‘i'i‘f‘?‘ftg 113 gallimrichgalkiym nitside il asecdaimad

claim 22 okiabh @28r thimCRTRAmBH HRARn I Chi I t al

pressure -of between O. 1’Tg!rnr§h§%% 15 §r£Jrr?F’“@‘gmggggg%%%@%?%@‘pemg

manuf act ur SUGRE theganealingstepdp) bpswednabont $0°Camdfabbut 500°€] ai med in  clai m 22

or claim 23, conprising neans for evacuating the growth chanber to an

absol ute pPlesdppaavk foethsenanufaddure ofQ'galffan rizhgallidn xitdife Gl Qi claifed & e

the rea tiw turcj?ihs& 10 introduced. .33. Apparatus for the manufacture
[

of a gallili g th RTIRPHISINE Meany S Rioidig 10 §tepc(b)i anfotsl pressgraapin 23,

conpri Si ngbemaas) l MorPaddil 9odrhe growt h chanber with nitrogen and neans
for evacuating the growmh chanber to an absol ute pressure of between 1.0 X

- 10"5 T 1 e i j i i
Lherer o 8 HABpdtatD £6 (hemarbBlele of AalIRAL LR bl Hifad i QLLASHEFE
Use of an @pinideueaimn?3.emprisigiaeins fe evhcumting d growth ciandet td atmabsolote

e of an dppazaets , uatigel tdare
Peact i on rprufEot e 1 RRTER Snf Q2K 108 Hhre VA g lbioh ixite &

10 introduced. o

L)
33. Apparatus for the manufacture of a gallium rich gallium nitride film as claimed in
claim 22 or claim 23, comprising means for purging the growth chamber with nittogen
and means for evacuating the growth chamber to an absolute pressure of between 1.0 x

10 Torr and 1.0 x 108 Torr, before the reaction mixture is introduced thereinto.

15
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species; a growh chanmber for growing the galliumrich gai Febwmani 2007de film
fromthe reaction mxture and for depositing galliumnitride on a
substrate; a renote nitrogen plasna source operated at nm crowave
frequencies, to supply additional nitrogen species to the growh chanber;
temperature control neans for controliing the tenperature in the growth
chamber i34. t hd)seaofgm appafatusoabeuhaddaéiukecorabguliun® A8 Hallidn Yidk geu@unp to
evacuat e th r oyt h char{ber before the reaction mxture is introduced to
the gr omﬂﬁf@%@'%m‘a PP YR E Waseous environment in which the partial
pr essur e nefaneXyggrepaking &s&dtibﬁmiﬂf)réc&ﬂaihing%agﬂliugﬁgpmé_ Pand & Mitrogeghepari ng a
reaction_mxture containin al L.ium speci es _and a ni trogen_speci es,
gr owi ng - £RECYA Pﬁoﬁ’%’ %%ﬂb%ﬁf aﬁﬁ’m'?ﬂ {Rei %Z"”I"? figh gl ifede %frpﬁhthﬁi xture in
t he gr owrdnctibamiieturedynd far ldepbgiihgt gijﬂlillil@ﬁhltriidUTbﬁ agmb@tﬁaté;ﬁa Feﬁﬁgé tﬁM’t{dént Pe

[ ' dto.d sit gallium nitride on the su rate at a
{enpor at BFB 61 So47Em oRERIGS FbovERaLR JiHie0ReS. G RPPlY SqdIPTE SUEee of
gaseous epediconaethe growithichAmbé&e tempkiaalrepEsiaml rhiedts wymfiuﬁg ﬂhQtht han

) : : . o
a1 um rRRLE PRt bRaberti i g oo o T B S, e
appar at ua wfcuainapump4o Waeulialetérthé fyfomhgalﬁa?ﬁtlw ﬁiwﬁehmé .@\?wa%hl ?,g@rf ggnnea![i ng

f | th alliumnitri ilmafter gro .at _a tenperature

of from WBENESole the ARty chrsmRer g pravide muoaseps nufnmen! imowhisadBet ne

resi stivpaniabpressire dalxygemisrlestrgdl 10-Umbi] $4id dee fdomprisig, bAEpAngPR0 ohm cm
sai d use fU{’.t her. . conpri.ses, ar\.eal ing the gal|liumnitride filmat a

{enper at (U9 MU SHtRIONS 7 ealian seadis 2ndca Biogen 2PesieRe Hewinddhent to
decr easegaltemrrizhi gellliuvi hiyridef filinhorgahd rebtion GlixtgRY ini tHagrdWith ldhelbkl bin to bel ow
10000hm ¢m .36,. The. use of claim 34 or cJaim35, wherein the aplpar at us
further E'iﬁ%’?q E@&@'""T sReStes: g rearh with the plyepen spedns g tpidgRos galiuR f or med
by the r gigitlel @mtheisubstidte a08 téherabid st fréth @bodi’480T0 ¢ HEGUt 8D0W, @in@is4 Or
claim 35, wherein the tenperature in the gromh chanber is in the range of

500C andf§5RfESHIee i ogRaoUBenIIoNmerd 4n gyhich tierpastial niprspes of eR@eNdsper at ur e
in the gresthan Wardse whefirtibehtiddiYalliumlatbRBtd AlttdgePLtbms in the galiium

rich gallium nitride film is from 1.01 to 1.20.

35. Use of the apparatus of claim 34, wherein the apparatus further comprises:
annealing means for annealing the gallium nitride film after growth at a temperature
of from about 20°C to about 700°C for a time sufficient to decrease the resistivity of
the gallium rich gallium nitride film to below 1000 ohm.cm, said use further
comprises, annealing the gallium nitride film at a temperature of from about 20°C to
about 700°C for a time sufficient to decrease the resistivity of the gallium rich gallium
nitride film to below 1000chm.cm.

36. The use of claim 34 or claim 35, wherein the apparatus further comprises a
laser to induce deposition of gallium nitride formed by the reaction mixture, on the
substrate.

- 37. The use of claim 34 or claim 35, wherein the temperature in the growth
chamber is in the range of 500°C and 650°C

38. The use of claim 34 or claim 35, wherein the temperature in the growth
chamber is about 570°C.




34 39. The use of claim 34 or claim 35, wherein the part2tFepuessiDog of
oxygen in the growh chanber is |less than 10-8 Torr. 40. The use of claim
34 or claim 35, wherein the resistivitg of the galliumrich gallium
nitride filmis decreased to | ess than 250 ohmcm 41. The use of claim 35,

wherein e gallli L fiJmis annealed at. a  tenperature.of from
about 50 Ig’andallzg]f)ao%fr;p 0?;8%[51' ggf.r c#mbgs\gﬁ%{ lnctﬁgpﬁgthgﬂprgzﬁs@af Y9N HHEr ei n t he
total pr gsswthehambetie legs dvarh10%CTanber is between 0.1 Torr and 15 Torr. 43.
The use of claim 34 or claim35, wherein the growth chanber is evacuated to

an absolute pressure of between 1.0 x 10"5 Torr and 1.0 x 10.8 Torr, before
the readdi on Timexuserf dlaimi 34 oodlairad3s, Wherdihdhel sesigiivitg bRt gdilian rohai m 35,

wherein r i rgegd wi ni trogen and-evacuated to an
absol ut e%@%&@%g(@ﬁhﬁe@&@ﬁ‘gﬁ%e% %D§%$8PF“%d 1.0 x 10-8 Torr, before
t he 'react_i on mxture is introduced.
41. The use of claim 35, wherein the gallium nitride film is annealed at a
temperature of from about 50°C and about 500°C.

42. The use of claim 34 or claim 35, wherein the total pressure in the growth
chamber is between 0.1 Torr and 15 Torr.

43. The use of claim 34 or claim 35, wherein the growth chamber is evacuated to
an absolute pressure of between 1.0 x 10®° Torr and 1.0 x 10® Torr, before the
reaction mixture is introduced.

44.  The use of claim 34 or claim 35, wherein the growth chamber is purged with
nitrogen and evacuated to an absolute pressure of between 1.0 x 10 Torr and 1.0 x
10 Tor, before the reaction mixture is introduced.




