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Met hod for Fabricating GaNAsSb Sem conduct or Techni ca

Field The present invention relates to a nethod for
w@e@wilsmg7@ dilute nitride galliumnitride arsePtT8G2008/000225

anti noni de (GaNAsSb) sem conductor on a substrate.

Background Previously, I11-V materials with a bandgap

| ower than 1.0 electronvolt (eV) could only be

reali sed on indium phosphide (I nP) substrates.

However, gRidthédTod Fabricdfing GOGAsSH/B&hicdh&8ctof €

preferred to I nP substrates fromboth a technical and

ecqonom c perspective. The alum niumagallium
Te%h@%ﬁﬂi}ﬁ%lﬂgal lium arsenide (Al GaAs/ GaAs) mirror system

has hi gher refractive index difference and better

D di s . ¢ , g . -

T T AR R AL o B RS AR nivide
arsenid¢ entimGeds (GalNasSHtsemicanducbsan & substrateo be nor e

robust and i nexpensive conpared to InP substrates. In
Baqggjti n, the small difference in lattice constant

b&'RERA GaAs and germanium (Ge) (~0.04% and the

recent availability of Ge-terminated Si substrates
Pre:]vsdmg, git-ad mhtea:idls'hwah agﬁhggelljj lomet ?ia_ﬁeb.o bta‘cfr_emvduia?elm) i‘e/ould only

aye opened up the possibility of integrating - )

be gealisechon alpfidlgm pr@@wuﬁgm Feesies e Hlovpies.czallinm mrsegids (GaAs)
sutRRgtet hﬁg p?xte%ﬁédalt%olfnl)e%ﬁhgfﬁ efoRl %Sﬁr§ Sae%gl]xﬂﬁcgl f448! L&Homic

a need fof small bandgap materials that can be grown :
perspactive.e Timatatureihitno galienGardenide/baltinat @sedide (AGRAA siGaAN snirror

f d that incorpor.ation of a small amunt of nitrogen
gD Pagyer ifﬁﬁ%ﬂ%m %5@?@(@&?@& PHEh ey disfiptip than the
galBandERARA N sdnddd bRGpRRIBEAERY bibsERE NGallh /W8S mirror system.

unusual at that tinme as bandgap reduction by addition
Gads sybsitatesaarerabso kaayin tsbé miirei motwist and inrxpynsiveoc@apaed to InP

Xpect .10 hLncre .4.ts |attjce constant. The
o PEEEobE, BRSHRBRbi o bR OO b s and
ger@ddiih M6Q) py0.08%) baadhenédent é@ﬁfa'bﬂﬁ?r M0SS-terRE&] Si substrates

introduction of nitrogen atons results in a

usipg grasige milicoh gearaniva: GiGHdwdier fayesohaiscaricoed bt possibility of

.M n LS -nitrogen-relat tate splits the .

ISt R Rl 0B BB L o PRt and the potentia

of Waisfased\Bicthssee Bane Rielléd a needl et 44l Bindshp raaegathat can be
ener qy.

grown lagt%e-matched to the GaAs substrate.

In 1992, it was found that incorporation of a small amount of nitrogen (0% to 4%) into
GaAs resulted in a reduction of the bandgap and lattice constant in GaAsN. This was
unusual at that time as bandgap reduction by addition of other atoms, such as indium or
antimony, to GaAs was expected to increase its lattice constant. The reduction of
bandgap on addition of nitrogen was explained by the band anti-crossing model, where
introduction of nitrogen atoms results in a nitrogen-related state above the conduction
band minima. This nitrogen-related state splits the conduction band and reduces the

conduction band minima, which results in a reduction of the bandgap energy.

The application of GaNAsSb material for near infrared applications was first proposed

in 1999. GaNAsSb can be lattice-matched to GaAs by keeping the ratio of the
1
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The application of GaNAsSb material for near infrared

applications was first proposed in 1999. GaNAsSb can
wheoobastsice- mat ched to GaAs by keepi ng the ratPOI/662008/000225

t heanti nony content to the nitrogen content at

approximately 2.6:1. In addition, the bandgap of

GaNAsSb can be [owered to the near infrared region by

antl §%}¢ %% gt 5‘ ecplg 1}121]} eg%s g ?‘1 &{Egﬂnzipgﬁc#x? ?teia}‘m2l6”f) NYin"&®ition, the

baﬁﬂgapt EMGENIAGSH Pah Vchlowkhdds tcs tief Aedr dnfraeti fregion by 1ncreasmg the
encour ages the incorporation of nitrogen atons .
DItEQQSB ICPREADIBHAR. Hntigony ypstakeey Bompd 5o Bavna §urf9<sata%teffsﬁ igdilute-

R0 T A A BRI T 9 g o

intb rmlbsmmtiumll sites mad dhatby @tex&nﬂ fmirmtmma of am’dog)sfrf sdtted |defects.

ir”ti’i‘!?qc%l theeC %ﬂ?ﬁgﬁgﬁg g%h? ba'}\%zf?q {gyt 5 19 quﬁ@%ll’f Egﬁiagyof the

coﬁcﬁlfcﬁ%h BaRl et WAG Gllaﬁ‘ﬂcé/ BhYd BEFsdh eIrﬁE&ﬂtl@ﬁ’l@b’ 160 %ﬁﬂ‘ﬁo‘uon band
his gives the ability to engineer t andgap f

of%btec@n ﬁmeddmva@pmg élneemtrfom eongkag whiledbp Vilengs hﬁﬁd offset can be

sy Biiso PR AR Bl e e st e TS il e pancens

fondledtagedan aigosledtaid devivepippliea®ngamges the surfac e
of the sem conductor prior to growth of GaNAsSb due to
unst abl e plasma conditions _at the ignition stag

Thefe e thVaySHHOMORRRRNES 10 GARASYE Wik gﬁ@eneésuwg cARventional
b0 AR OR T SR RS SRt o 0

seinmcdnﬁectpr pﬂemmsgmfwthrosﬁé}‘amw e toeumiaﬁbé&: plsmn d;ondruons at the
ni.tro | at ef.ec carrier reconbinati

DR S o P i AT B DR AP eoH b ‘he aijtogen plasma

onkd€the aGraI\@[ssbl k@ird¥e dafing heroGRNASISY AREHIGAIPOTHSBS creation.
its lum nescence. Furtherndre, high unintentional

Adibponedly( dueto e prasencetd arsenmagtlg_we @q&ct@gmi mtrogen related defects,
cent i met causec r, QLT

oo ceranbihi S ¥y S FelRSAR . Sincli 1 ABE R B R canic

liftti@e Vel G &GDGEb bhdr dofpkdigisap pisi Bﬂlhmeﬁe GahA&hnore, high
for photon absorption. Photon apsorption requires a

uniiertongk slopingo .o eHpaiet, thaﬂdbawm grr gwbintesatimeal caused by the

prssregx %g életa(?gsegtrrgla‘?edcgelf ttse r\»@% e e{g&el%%él abdut bneeV above the

sénic ant st s ah
valldrice Ogeid; riahas ate C@ﬁaﬁ@d’fﬁmpbﬂ lGEtI‘@AiS‘balfoxa@ﬁbﬁheﬁbsorpﬁon Photon
tunnelling in a reverse-bi ased GaNAsSb- GaAs p-
absQuREen seAulTes Adhick deplelipy regienieads gh ﬂ@ﬁl@enppn?é doping leads to a

_cothfeREile te?f%@t 1%1&)']&@&@5(39% ofsgryé}ﬁ@ antisite defects and nitrogen-related

defects promote trap-assisted tunnelling in a reverse-biased GaNAsSb-GaAs p-n
junction, leading to high leakage current (i.e. greater than 10 amperes per square

centimetre).

In addition, dilute nitride materials (with less than 4% of nitrogen) are known to

exhibit poor material quality, resulting in poor device performance.

Summary
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centinetre). In addition, dilute nitride materials

(wth less than 4% of nitrogen) are known to exhibit
wW@ows/1smteri al quality, resulting in poor deviR&I/SG2008/000225

per formance. SunmmaryAccording to an exenpl ary aspect

there is provided a nethod for fabrication of a

sem conductor of galliumnitride arseni de anti noni de

NAsSb) on a substrate wherein .the fabpication is .
Ak ot SRefoRb et M mpeyiaph A Tbilo s dapgation of a
serfitbRdlciorgoflgaBinanierlel Adeli@ENALialoAlR (QANABSHBR) | H¥strate

tine, wherein at |east one of: the fabrication
whersip e fabrication ifesifarmgd ebaferizaiontempdrammdallower by menealing
| trolling. defect .formation i.n the
o ORI S6b8E BB BLY TS AL ARG R0
per tlerfabiation banpehtard, aﬁﬂeﬁxﬁng tenifteataRMnd QAR NG timel e
def e | east gne of: arsenic antisite

is ’é’iltﬁé r]f:g% Pgﬁﬁgﬁ% defest énmpsior dn dhe seimicapducier e s to achieve
predBiefth R4 'g&!‘fé‘l‘ma%ef’ blF%acté_llfﬁic g}%%ﬁ%@er conpri se

grow ng epitaxia yers o n a Substrate and
subjecting the epitaxial |ayers to exposure of
froma

niirogen ato itrogen pl.as source. The
g el G PFR ISR 68 PSS Pl Rrfet henioRpBgRAed defects
surifdce R cHOURiGRNEHAl @BpRkasma i gnition. The epitaxial

| ayers may al so be isolated fromthe nitrogen plasna

source during .stabilization of the nitrogen plasma

itro . Rl asma sour ce b i &.rogen
e ) Suihb RSP P TR EE Bt e PR e
andisibhgtiag thegstaxiahRyv8es rposateVd nifFéienafnsatrofts Abe&eplasma
one Qof: in-situ annealing, and in-situ annealing in
SO‘EEﬁrtﬁo heagniiahilaveremay; ke isalaiedafrpmghe mitregen plasme apurag during
: t i e .l e .6000C
P 8 R SARERL 0 SEPARY U o0 R s
souregrpetieg stebilizatidrhef thamjeogehOfladmd soRE) OBe Mittégen plasma source

anneal ing ti be in the range 1 to 60 m nutes for,
may % ¢ ﬂltg%ﬁﬁﬁ ﬁg?%ﬁ?Qu’?fﬁngH%“ﬁﬁ “E‘W‘rée Py asBumyisela@on using at
leaktid@Sadud® vaRem Nut es for ex-situ annealing. The

fabrication tenperature may be in the range 1500C to

5000C.
The mealing may be one of: in-situ annealing, and in-situ annealing in combination
with ex-situ annealing. In-situ annealing may have the annealing temperature in the
range 600°C to 700°C. Ex-situ annealing may have the annealing temperature in the
range: 700°C to 900°C. The annealing time may be in the range 1 to 60 minutes for in-
situ annealing. The annealing time may be in the range 1 to 10 minutes for ex-situ

annealing,.

 The fabrication temperature may be in the range 150°C to 500°C.

The method may further comprise filtering reactive ionic nitrogen species by diversion
at a location between the nitrogen plasma source and the substrate. Diversion may be by

applying a field across a plasma tube adjacent an outlet of the nitrogen plasma source.
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The nethod may further conprise filtering reactive

ionic nitrogen species by diversion at a |l ocation
wheiwaesi87a he nitrogen plasma source and t he subPGI/8@2088/000225

Di version nmay be by applying a field across a plasna

tube adjacent an outlet of the nitrogen plasm

source. The field may be selected from an electrical

' tic field. oltage nmay. b pplied
o 8 R0 o TBOBEb 5o bt bR BB TER otk e
be pppliedsacross @hepReink it6iR) udineh Palret deflesiitisplart Bhd dectrical field
magﬁ’rspenm cular to a longitudinal axis of the plasm

SubsintigHly prpepdiculan ngivedipalaxis ofdheplesmpabe. | s
provided a nethod for fabrication of a sem conductor
of galliumnitride arsenide antinonide (GaNAsSb), the
Acnstliingdiocmnther skergplagr aspectgheapiit axdivaded ayetindofor Gdlricativn of a

ar seni de anti npni de, (.GaAsSh), on a, suhstrate_ a '
SeIB et g { BT, Biskila) SPalds OO S CARD). the method
colipfig§iggen atonms froma nitrogen plasma source; the

epitaxial layers being isolated fromthe nitrogen
pl agrawisg apitaxial daviengoligalisim aisgmidt iaptimoTiide (GpAs$igioala substrate

oo BT 8 bROL BT U b RER) EARGER s

sogoejr ce. The nitrogen plasma source may be a nitrogen

RF-pl asma source. |solation nmay be by vacuumisolation

usi Hif 8Pitaxid slayersebaing uspletod fyan theenitogen gassl saiwee during

Lt ax rocess used may |lead to an inprovenent in the

pla@n@?&@?ﬁ?ﬁqual ity and enhancenent in device

per f ormance. Advant ageously, the invention provides

sol uti.0 to target specifically the high defect )
THR cplpigl oo Banie 85 Halalss Sty s BHEkSRilpgna source during
taGRRHESH PR N YeRSHEsna BoluRE. PRS GlitrBidnOPlaSha
S_aDr awl ngs Exerrrlpl(ialér‘ey %rrb.o%li nments w | Ilrn%vl\l/ Eg@%gscrﬁ{cgeraay be a
nittpgendiF-pfasma rsolici Isatative mapbplby waciymaisdlatibh lusing at least one

refer%nce to the acconpanying illustrative draw ngs.
Vagu KEVer awi ngs: FIG 1 is a schematic diagram of an

exenpl ary apparatus for grqQw n [1ium . .
The mt%’gen ;Xasnpapepﬁaxy process gsecc)i m:ayglegc‘il to an 1improvement in the material

quality and enhancement in device performance.

Advantageously, the invention provides solutioné to target specifically the high defect

density in the GaNAsSb material prepared using conventional processes.
Brief Description of the Drawings

Exemplary embodiments will now be described by way of non-limitative example only

and with reference to the accompanying illustrative drawings.

In the drawings:
FIG. 1 is a schematic diagram of an exemplary apparatus for growing gallium
nitride arsenide antimonide (GaNAsSb) on a substrate;

FIG. 2 is a schematic diagram of an exemplary ion deflection mechanism;
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nitride arsenide antinoni de (GaNAsSb) on a substrate;

FIG 2 is a schematic diagram of an exenplary ion
waledovasisron mechanism FIG 3 is a schematic  PCT/SG2008/000225

representation of photolum nescence ("PL") spectra of

GaNAs sanpl es grown by applying a range of different

bi as voltages to the exenplary ion deflection

nmeghanissm afschédmtid reprdsehtafion SfphdlamMdseerdck QWPL>) spectra of

di agram of an exenpl ary nmethod for grow ng gallium
GalNAs sajeples geowe by applyingra taegg cadifiesnit bigsaltagey toghegexemplary
. h i C_represen ign of a PL spectrum of GaNAs
loégﬁﬁﬁ%}song@%c\%mpanﬁ%{#olﬁltﬁ'i%Sol ating the plasnma source from

t herIgpitiaa sehergstvidvw Ahfdit (of afrleCempBry ethodGbegRinigg gallivm
,reC{‘):resent ation of a PL sgectrum of GaNAs sanpl es grown
nifiderrseatde animoatde (CeNAsPPk he pl asma source fromthe

epi [ :gr.0 : l,S t]

;g P i8R Thsertii, Y BRIR ENGER drFGaNAs samples
grbwnotitlomt efoldsinesthe plasmgeotiee fom the gpitakiab gtosdth ohambdrt h

i -1ayers .of undoped GaNAsSh material gro hr ee
di f ééﬁtw e Féemr_sf?aaﬁgpr&?@ﬁ # ul?lv?ffsf_?aﬁwgs samples grown
wHE DECRD folARARTER AbbRRsAliod 8nl @XepitdlialtbBPalna

doping in an i- Ga mat eri al as function of

subd: 4tie atselppentigtrepresenfation of aplefaiialatk ¢wrent density as a function

epresentation. of .a plot, of PL .peak intensity-as: .a .
of G FOERE<Sor a8 o roBe ok vain 27 g EBRsd cAR LR materia
graivnan ieat diftdremdubbtrate tegnp¥gtufesini nutes; and FIG 9 is
a schematic representation of a conparison of turn-on, i
vol Fl&he 15et sdematic cepresenighins o threleaelpfumuntertipns] deping in an i-

GhNARSH FkaLriA Y a%&&{%ﬁ%‘%‘sﬁ@éﬁ%&e ﬁeﬁnﬁ%ﬂ&ﬁ?‘gﬁ ed

eterojunction bipolar transi st
DesEIG. 8t a echeafatiExempdeatayiofnif adiloeaf BL Phek detmity ed a function of
de'scﬁli?ig ti.on selt forth belaw i n connecti.o

N Lth. the
Xt B NaER AR HigsCPRCTAfTe fRfeth 2edl REEVA g7 8R4 grmippiss; and
Pr egRNtd % L3fERhEE Yep%ﬁ%&?@f 2 chfnﬁﬁtri‘ﬁ)n' SMEM-bR Qolé%é@:%etween

is not intended to represent the only formin whi

a {dee\sffs@¥ Anfb ihetespjuhasivnneipolse tpmaistdrcad. a convestipwalbloGaP/GaAs
t he, sane or equival ent functions may

h%gr%g‘%%gﬁﬁgﬂéﬂ%&rwlsmrffer ent enbodi nents that are

peliisd Bescriptios of Rsomplars Embodiments

The detailed description set forth below in connection with the appended drawings is
intended as a description of the presently exemplary embodiments of the invention, and
is not intended to represent the only form in which the present invention may be
practiced. It is to be understood that the same or equivalent functions may be
accomplished by different embodiments that are intended to be encompassed within the

scope of the invention.

Referring now to FIG. 1, an exemplary apparatus 10 for growing gallium nitride
arsenide antimonide (GaNAsSb) on a substrate 12 is shown. The apparatus 10 includes

a plasma source 14 operatively connected to a chamber 16. The plasma source 14 is
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scope of the invention. Referring nowto FIG 1, an

exenpl ary apparatus 10 for growng galliumnitride
wae@®ensseo ant i noni de (GaNAsSb) on a substrat e BQI/BG2008/000225

shown. The apparatus 10 includes a plasma source 14

operatively connected to a chanber 16. The plasma

source 14 isseparated fromthe chanber 16 by a val ve

ol pBRYER B, i LG 2, by s S,

any'Tﬁ‘MnE@r of siatples vl ébmay Gt @@ar The walveas: vdifds BXaR! 8 of any
vacuum val ve. If nulti glée val ves are used they my

Sul@b@r BAIREOTY FUPh APCOL SKYMPlSs 2 ‘rﬂcau@t whtrerlé snutaplgevalvea are used

B JRESINL AR |2 £ 0908, 2 G

is doopletlito thdplhsee sourtre] 4 alb i Ahelef2ctioitmedienBha3r provided at a
source 14, referabl becﬁ en the plasnmp source 14 and
locgiifn BrusRtha UOSHRE 1684 1 glagpa pgyragel Aarpyeémb%Yabptéveen the
pla&HE’&h{r@é €4 Qﬁdﬁl@%h&tﬁbérqw e material such as, for
exanpl e, As, InP, Si, SiGe or Ge. The plasma source
14 generates atom c nltrogen (N) for the growth of
Thoapbstste 12 manbe genplitabje entstrafenehany suitabit oyierial such as, for
rovvth of GaNAsSb i s generated by
exagﬁéléfg?%ﬁe,ﬁe&h%d( ‘pI asma source. Conpared to
ot her plasma sources, the RF plasnma source gives | ower
The pmsﬁm@)gscealmdgaﬁedtd:sedtomw nfttdg¥n (N@ ifor 1h8 toddW@eh, of GaNAsSb In
r eact [ plasma has ion _energy in a range_ from

i

an EECIBloE| SEPRINGL Qe (i AHTZER Wpdstn ghe Beawibert @%NASSb is
oo @89, DBl 1 SR LS RSRERPTY T o
Sov{rtfm( tlagt RtPhplasmbeitouaIeegwss lower ioat erbgyutnd .sinaller don élui: For

e S T TR

(e\?>< o 1.9 ob&FEEPBx EY 8 Rrpn 0N aNGee CERheRtFRecond
the RF plasma source is a preferred atomc

(Cnml g r)c@ehe subateite. f 6or i[RIt plasmarsodmeg thenkon. flux at the substrate is

t el e i.t, Wi L1, be under st y those of
ﬁlng}t LdpiP™ g e COmPateA P OLHIEGR Blasmipt Also, the

101(1I éﬂ@r% £k Id%vé?FatpllOaévacoi{BéE@c?% A, fb&@arr?l@%lﬁ&fﬁncgfblotron

e used. The valve 18 1s used to achi éve physic

‘ressemeé(ﬁﬁcﬂ) }d«ﬁsmah eThus;, thege R pREsnE stemee is a preferred atomic nitrogen

source for dilute nitride growth. Nonetheless, it will be understood by those of
ordinary skill in the art that the invention is not limited to RF plasma sources and

other plasma sources may be used.

The valve 18 is used to achieve physical separation of the nitrogen RF plasma
source 14 from the epitaxial growth chamber 16 before and after GaNAsSb growth.
In particular, the valve 18 is closed to achieve physical separation of the plasma
source 14 and the chamber 16 during ignition of the nitrogen plasma source 14, and
preferably, during stabilization of the nitrogen plasma source 14. This may be, for
example, for 1 minute and 30 minutes respectively. However, the times may vary

according to the specific conditions and apparatus used. Upon plasma ignition being
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source 14 fromthe epitaxial growth chanber 16 before
and after GaNAsSb grow h. In particular, the valve 18
wo go0ehised t o achi eve physical separation of tPE/RGZO8BO0225
source 14 and the chanber 16 during ignition of the
nitrogen plasma source 14, and preferably, during
stabilization of the nitrogen plasma source 14. This
may be, for ex le, for,.L m.nute and, 30 m nutes
cof i8S apdhebry el BV Gt Shiizictbnr i Miraest BbSERcioNe ks the
vale1 S REGhéried RRHrbEANSrANH BPEARE Pldés. USEGhntddROMk]y, no growth
. plasma ignition beingconpl eted and, preferably, after
INSErEpion HEe Brreapiredhavithi theopsenop valyesm feyophysical 4epartteon. Long
. .S r. nit h t k | ace,
AL Sl ROV Bt doRET L S P BeR! Bmerace
quaBtyulueed impirity bbemusetiod. Payfsves idotitionhyfshe plasma source 14 from
separation. Long interruption tinme during growh is
the, Reféaiialgpwthaehanphes 1pimey Bedepiegicaicd ysirg ViQusigres of vacuum

is bR YatvalUficlb@inb MR ek hMpRCG :gﬁ%é' V?Neog 1eaR VRIS a needle valve.
i sol ation of thé plasma source 14 fromthe epitaxial
growt h chanber 16 nay be inpl enmented using various
Theypaspiog mesbanismi Hoinay icompviat wews syitebllaipimg or fpomps and may be,
xanpl.e, a gate.val ve, l. eak | ve_or a needl e val ve.
fb?ﬁgﬁgﬂﬁﬁ?ﬁﬂgﬁﬂ%ﬂ%$P§ﬁW§@“HﬁgaB%ﬁﬁ%?Bgmﬁﬁy sui tabl e
punp or punps and may be, for exanple, a conbination

Whén nechiaog@abroattl it Winhe Utk SalWhEN will &e tildse@dRFore the plasma
rowh is finished, the valve 18 will be closed before

soflreg 14115 stenpeds Yien the velyedi®dp sloged. ipeplasha soury & stiepped.

cl osed, the plasma source is stopped. Reactive ionic

REREFE EBnR §pdi& ARSULE r}ﬁ&&e&&&%&l eaRMehtd B RRFPLASHE:  Their
Thei r bonmbardnent of the sem conduct or sur?ace auses
bagibsrdroeitti ofh thd samaemdoctot harfeer cosesudisbrcaton fafc etoarsdon the

def ects, genegati on. cordi ngl an.i on .defl ection )
seReigFioh P5lehey e (SR GPGPUAT ¢ ARETAREY | 9B 19Bnfigflection
mEdHahREETID HRAP bk ASePWAYivER B LB veUBETc At 8gchZpediBe av@ from the
defl ecti on mechani sm 22 may be inplenented using an

sugpteate 12 c Thadondetingnemeshaniem?? mrp be implegrentasigiséng an electric
arftd'(/)oq! rqa%féﬁk e | $SAL %raigé%}ettig rfie%llrl] %S{ra]ﬁ&al%leonrs GqE ]tapl\éeto %léer the

1
I oni c rogen speci eés by dive eém away from-t

resetb&tivaicenittd@gen speties Hyrdivureihg thdie aivan febeh kieciubettate 12. In this
nmechani sm é% fi]lters away ener,%eti c lons that damage
mepper st dep deflecdions mechaniim 24 1ErS sfphepsesticogenthat Samage the

subSré E&Ya%e,%hflﬁeall%%ﬁé ﬁﬁltogsﬁ‘ Hfoﬁ'rfﬁctg:arff% %ﬁ?@dﬁ%‘cﬁ{e ffface. An
i on deflection nmechani sm enpl oying an electric
exfaimgllel ofiiah liom defldsdion mechanism 22 employing an electric field will now be

described below with reference to FIG. 2.

Referring now to FIG. 2, an ion deflection mechanism 22 comprising a pair of
electrical ion deflection plates 24 and 26 installed in front of an orifice 28 of the
nitrogen plasma source 14 is shown. Although one pair of deflection plates 24, 26 is
shown, there may be more than one pair of deflection plates, and multiple pairs of
deflection plates may be used. The different pairs of deflection plates may be at
different voltages. The pair of electrical ion deflection plates 24 and 26 includes a

positively charged plate 24 and a negatively charged plate 26. An electric field is

7
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descri bed below with reference to FIG 2. Referring

nowto FIG 2, an ion deflection nmechani sm 22
w@owpnssirng a pair of electrical ion deflecti oPCPb@2088000225

24 and 26 installed in front of an orifice 28 of the

nitrogen plasma source 14 is shown. Although one pair

of deflection plates 24, 26 is shown, there may be

orsBiR bR R R pesaely N A L LR
in P?Gr 5, Ritrodeh lagihd 89 e%l?t&@%dﬁ%&?ﬁlﬁha% ﬁ.\?é:er e u affected by

vol tages. ~The pair of electrical ion Sction plates
thﬁQW esange 26 thﬁmibucie diedd pod contimieyto ¢]neas@esttam 208 ePthl\wﬂ]yd claarged

t. | 26. An
iR el S oo B ARl SPyek o hlaberchi pttracted to the
ne@ahﬁfe%edc}fakg’édesplat‘é a5 2@ NS sHARubiy-! dPverfed Mt MOGBRction

atons 32 emtted fromthe plasma source 14 are

reypsadicular éoi thyy flugeofpthe sutiegeroptontse3d| 3t reduceethe maiflence of
- i tdvely.ch .
ni R N eV BT S M B ShHE LY LA g o

iofzsougey dIVeﬁeé tatvardxc thed wiatls t b thiee gpttiwiel vrodr getntidrat® The
|y dlvert in a direction

eleégé%id CdsTIeEoR BT ke ee e TS Rlgeriniesy sigelamd powered
by HDE vHAYE %§u1rcgewhf&ﬁ' &ﬁgﬁevrﬂfedr’ﬁ&?ol% 6(99??1’[53@& Tk-Iowever the

arriving at t he’ sem conductor surface as t

- vahleefrviottagagenay vary agcerdihg/erthe dptaifiacdsditibes awad dpacdtus used.

the epitaxial growth chanber 16. The electrical ion

AR bR R R i T Y
of \(ZMNAQ shm@ies18roind 69 a@)'ldsﬁﬁg (2N)fan%~lé0Wﬁ‘\d(i?ﬂT@refiltl"'B1a\éasl'dlf~agé’s]c to the
vo| tages may vary according to the specific conditions

ele&ﬁ@ahlﬁpéeﬂtﬂ@}@nﬁ@fés 2RRerd 26 iof heriow dedegtiag mgchagism 22 is shown.
S
ASEISLL R SSAL L 00 16 o RIRCSYSERERER fldo gy
acldevddebe applbingsa bk tvaitese 6626 hEtCEEI&Célécbtﬂedl ib@deflection plates 24
&g%l ection plates 24 and 26 of the ion deflection
‘hani sm 22 is shown. As can be seen fromthe results
of the PL analysis in FIG 3, the best materia

HaAUR desdtiticd S DiretREoRpoRdat ¥ b appfh@s 193k bAY @In9$dlglgn%f the
to the electrical jon deflection plates 24 and .

presenti ingendienc telrmgration ofdh¢seueomponpain evitlsiont be Idescnbed in greater
deBRRBIH &/ﬁh%?fﬁ}encgpoeﬂﬁ??d' nt of the present
I'nventi o 1"on

these conponents will now
be described in greater

Referring now to FIG. 4, a schematic flow diagram of a method 50 for growing gallium

nitride arsenide antimonide (GaNAsSb) is shown.

As nitrogen RF plasma is highly unstable at the ignition stage, the method 50 begins
at step 52 by physically isolating the plasma source 14 from the chamber 16 to
prevent exposure of the growth surface to unstable plasma conditions during the
plasma ignition stage. More particularly, the plasma tube is pumped down to a
vacuum level of less than about 1x10™ Pascal (Pa) (about 1x107 torr) and the valve

18 1s closed.
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detail below with reference to FIGS. 1 and 4.

Referring nowto FIG 4, a schematic flow diagramof a
woreaohosss® for growing galliumnitride arseni deCT/SG2008/000225

anti noni de (GaNAsSb) is shown. As nitrogen RF plasma

is highly unstable at the ignition stage, the nethod

50 begins at step 52 by physically isolating the

pl as source 14 fromthe chanper /16 to prevent
At SigBoR: e PUFRG DTSR 1928 a7 FhiEe dh BIPdasP1eaifrg and the RF
plaS@A4dé Idn@eg during the plasma ignition stage. Mre
particularly, the plasm tube is punped down to a

vacuum | evel of |ess than about IxIO5 Pascal (Pa) '
The alpsme is gllowed tostehilisndt sthp Sodbve pedod of et loss @ 0AnINses(min)

ur.| ni4.rogen _gas is.introduced into the . ..
beflfe ARG it DRSPS Ry PGS ol B i nioh
vaduinginl thypthsive tebedhiriigstie dlasiiePatifisdtin phab@THRhiRdged plasma
I eas% 30 mnutes (mn) before initiating grow h. T%e
]

et AR Hhec RESTIEnsopecy §4 s eliliered i fiemid8 WithHhe dew deflection
iy | . i1 .

eyl USRS B0 BRIE RS SRS 12 e

ionsdaftectiod mndchathisint 2T edy dfc stivpted8vhild thetdioga@nRF plasma source
def l.ecti on chanismto divert reactive ionic nitrogen

14 &5 bdPRETSRRES f r om t he substrate 12. The ion deflection
nmechani sm 22 nay be activated while the nitrogen RF

AtRIpSOm thowabR 118id Spddell NDPite RAHRIE: grotwiiS € RaBE WS isolation
valve 18 is opened. Dilute nitride growh is started

betyfeen the plasmaotpuses Weend the epitaid plagrosth cbamhen bl it kemoved by

' ' r cl B | nopved, b i .th
op{iipd 34 Fanfd A dncRTARhod e GRS 6 CRIDEL! rted 3
secohds (P dfi3r spanng she(wlveafd.er opening the val ve 18.

Referring nowto FIGS. 5A and 5B, schenmatic

epr esent at | phat ol um nescence (PL) spectra of
RefSihRg RN E@%H@&ﬁ%% Sehemaafly TRPTeRCRaiqns Al ipbatoatmgscence
f i i.al:
(s O CHOSTRUAA it SR ORI ABHAG RN g v
plasBa soheweFl4 femkthe apiexiabgrotehebambes 16 iagnstfovaansk wan be seen

sSu ssed h i trogen RF pl I S .physi cal |
s LRRISSSREANER, WA 950 P LR, LS DEELSR) bpocsed
when the nitrogen RF plasma is physically isolated from the epitaxial growth chamber
16 during plasma ignition. In other words, the defects level is significantly reduced

when the isolation mechanism is used.

Although gallium arsenide (GaAs) and gallium arsenide antimonide (GaAsSb) are
typically grown at substrate temperatures of about 600°C to minimize defect density.
However, at such substrate temperatures, the addition of nitrogen seriously
compromises the quality Qf the GaNAsSb matérial. At substrate temperatures of
about 600°C, nitrogen atoms arriving at the semiconductor surface gain energy
through heat transfer. These energetic nitrogen atoms have high surface mobility.
Consequently, they migrate along the semiconductor surface and combine with other
nitrogen atoms. Nitrogen related defects are formed when two nitrogen atoms

combine and these defects increase the incidence of unintentional doping, shorten
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16 during plasma ignition. In other words, the defects
l evel is significantly reduced when the isolation
WOore@basissm i s used. Al though gal | i um arseni de PCEH$G)008/000225
and gal I ium arseni de antinoni de (GaAsSb) are typically
grown at substrate tenperatures of about 600C to
mnimze defect density. However, at such substrate
tenmperatures; .the addition of nitrogen_seriously .
caresﬂgffeﬁamg e ARETERRS| PRyt le@{ﬁ%geeaws\%cgﬁdlﬁa YertParedugg nitrogen
rel fbP e fRtE GM%@H%‘?&M%&@@JBQ 600Q0%er QhbRUE b @MBires of
arriving at the semconductor surface galn energ
betwieen iaouhdad tor amsftey00 Thgmes dhdsiget(7C). niAtr tgedowtonamge of

h hi gh f bility. Co ently, they mgrate
sub{tgie (omaradife i AICSsT A0 AL oL OISR O U 1Gehanster
prodeds’ OLRH réfueBBsurMce mIgeni dre i @oiralel 264 R dydr HifiBgkn related

when two nitrogen atons conbi ne and these defects

defeefér ease the inci dence of unintentional doping,
shortencarrier lifetinme and increase current |eakage.

TSI SHAE SR S8 B B4 o . s

and eapdiat unrs odfmilbegane gas. abiot tanfimOny aodbentiativalisdegHirgied by
Cel siyus (00). thi,s | ower range of suybstrate )
Ch%w;ge&ﬁﬂg%iqnﬁ% nfig Pé@léﬂn%f%fl&% §OFHBE %?@e ¥gedygntimony

sodr&m the heat transfer process. This reduces surface

m gration, which translates into fewer nitrogen

rel ated defects. The nitrg&sn concentration may be '
Upennaehagving thy deitedt iGaNAsRd pasicer thidknges, pthas geovethd prpssss is

Lo te of. nitrogen S e.antino oncent r atien
il B CriBaipllec iy gt ABSFbRYS R SHER K asma
soucl Ustikdig théepitativiegopeRichgmdtr 166 Teahito@ e it Bjowth of the

source. Upon_achi eving the desired GaNAsSb | ayer
GaNgyseR dass by tsplyrdening hieowesun valved Snragidesipisyise corirelpf the

int e I aled el PSS Felohal BGRB8 00 BRE Bt tho hieh

vachanneareliticon and alweays graimbined fin theegrGatiisShibseyent lyers, which is
.Ssinply closing the vacuu al ve 18 provi des precise

criggs Forgp PP AT TR RIREOL PR PBIPS o el | m nat 65t he

residual nitrogen in the layers and ensures that high

ReFihi RbwOBATIRBSardl B, ALNMRYRHEREFERNREEN 10T af P8t 8F @WikNcurrent
of subsequent |ayers, which is

density as a function of bias Voftage for p-i-n photodetectors with i-layers of undoped

GaNAsSb material grown at three different substrate temperatures is shown in FIG. 6

and a schematic representation of the level of unintentional doping in the i-GaNAsSb

“material as a function of substrate temperature is shown in FIG, 7. The doping

concentrations in FIG. 7 were measured by capacitance-voltage (C-V) analysis. As
can be seen from FIGS. 6 and 7, leakage current and the level of unintentional
doping are reduced at lower substrate temperatures due to fewer nitrogen related

defects at such substrate temperatures.

Referring again to FIGS. 1 and 4, as substrate temperatures decrease, however, the
density of arsenic antisite defects increases. Accordingly, a post-growth thermal

anneal is performed at step 64 to reduce arsenic antisite defects. The post-growth
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critical for mnimzing contam nation of the sanple.
Referring nowto FIGS. 6 and 7, a schematic

WORRKAs&At ati on of a plot of dark current den&fT{pG3Y8400225
function of bias voltage for p-i-n photodetectors with
i -layers of undoped GaNAsSb material grown at three
different substrate tenperatures is showmn in FIG 6

and a schematic representation of the |evel of

el R SaPe BePmed 7 VA et rmtor i o as a
function of substrate tenperature is showmn in FIG 7.

In-Sihe thkgpiah hr@esC entdagdiéd st thsfdeGthe’ cpRALialTRASWIE thBdber 16
capaci t ance-vol t age E_C— anal gsi S. can be seen

inmlﬁfgisfteﬂsr efter eagiawin of dak GighlAsSP medterialnender opeRt| ovsFpressure
R R e i ST

ures 0gén re
torUCHoSMbE tiad &ahRNPEbadnr &fivaRad girbdsife agatdenicoflfk Gy vary
1 and 4, as substrate_tenperatures decrease, however,

acopdingeifsiths specidics sanditians | 1d eppeplEt #sshcFengegitu thermal
} - i . o I
e PR et RTha AN I PERET o BRG0P AL BlRfed o
thipsipegrtomst fot hereniald frabeat 30mminines pefiofocomihg mtsdatly. As such,
a r€x-sity.. In-sity thermal anneal is ried out,
el Rest et s earale 8f HORRSIARIEY of 6B G o ya period of
abdf B8mikikes growt h of the GaNAsSb material under
constant overpressure arsenic flux at beam equi val ent
pressure of greater than about 0.001 Pa (about 6x10
Extsgn ihermpperneel is qaaed, gityeutsifle Besgnitegial a0 wiht chambss i ander a
.of ar iceflu V. C ' . i L
nieRgs i BRE P el RNe ACHRNF 1871 RribidBs AR gfthe sampte
is efead rogh thelpitaxias praii dhamper b6, Bedides nithse@astBer gades, such
about 650C and maintained at this tenperature for a
as Jgdrogen, dieliypb 1e0B0 25EORY KBP Wb Xsan ©f dnixigre et ey (cgn also be

dSiCHe dnlis TR el hHoARNAhEdedlved Si
ap}f%n’per ateure % out g?%’% %mgg gerl %dbofea Vgutay%roof 10; or
Siziynmbe e, déposstet uort hiee rved fea e pratsctowr tdyed iouteposited before

Plee b S e DA o5 I DU TATeoRUs abuP g ghegy-sic

thefnAlABRal flobssd icﬁ;’imﬁn‘gg%aﬁqﬁfglvﬁtﬂ § G2y edr a9t R8d to ensure
epi taxi al” growth chanber 16. Besi des nitrogen, other

theymebunifaymdty ans! thyingapése, sunfaré damageedie, to arsgoir, eviepystion,
xenon or m xture of them can al so be

Referring now to FIG. 8, a schematic representation of a plot of photoluminescence

(PL) peak intensity as a function of ex-situ thermal annealing temperature for an

anneal period of 1, 2 and 5 minutes is shown. As can be seen from FIG. 8, the

-optimum thermal anneal condition is an anneal temperature of about 750°C for about

5 minutes. Also, significant improvement in photoluminescence is observed on

samples annealed at a temperature of greater than about 700 °C.

As is evident, there is provided a method for growing GaNAsSb on a substrate based
on a nitrogen RF plasma epitaxy process. Advantageously, the method enables a
reduction in the formation of defects such as, for example, nitrogen related defects and

arsenic antisite defects, in the GaNAsSb material, leading to the realization of high

11



10

15

20

25

30

applied as the anbient gas in the annealing process. A
protective layer of SiOor Si N4 nay be deposited on

W@ b@oasiser . The protective |layer is deposited PEF/SGH08/000225
pl aci ng the sanples into chanber of rapid thernal
annealing tool. During the ex-situ thermal anneal
process pr oxi m'ty cappi ng with a GaAs wafer may be

Q. _ensure unjfarmty and to mnim .
ot ufy FRHRSE I T elfClonics @Giﬁ@ch&em%e@@ﬁwws The

mefdd they bk @sed to PreRi0S MBS 8evi&PHBARPIGIN AP attridl 64 1% cost
phot ol um nescence (PL) peak intensity as a function of

Gaéﬁ sgb&ttﬁtqsrmwdmenaw B @ub@trqte batuging oV /Sirintegradian methods.

CoRFIRETER o s BT ALRBHE SR AR Bk FEARRE ater
carable a;rpi&almtﬂ@enﬁﬂroa\tmg epplicatioastt 750C for about 5

tes. significant inmprovenent in
ol unNA‘ cEHEascd s (WBEeenl ofiomanHi@emanieal 600nm) ap-i-n

ur t
ph(get?/?agc%t?f Iﬁeﬁa{m%l@?rgéll\%ggﬂa HEO?{{] e%?v&'y \?tg%!tﬁfely as the light
abt@abmg&}tyeom dleqﬂmmdeadzo@oxbased on a nitrogen RF pI asma

ep axy oce vant a ly, e mnet enab) es a

o oReRr e bF AeIFeRin drord J00BFa SRR OaE) Tri evalanche

ph@asaae&ter fIht %s&a@maf GGQN@@SQ efaBChS u§élP| v%ﬁ@@é&veﬁl hS il light
def ect s, he GaNAsSb nmaterial, leading to

abﬁoé@mgi%&teif@mﬂtﬁfphﬂtwwmw qual i ty epitaxy Iayers for

%g g og%@hgﬁﬁ%%p olgulg -@éﬁ@égﬁ?laﬁe%%v?%” Citla ﬁgaNAsSb can

be W&enmg}&rababrlﬁﬁg laget €0sd sdlarSpedtiist BeddveS . REYW. This would
eventual |y on Si substrate by usi nﬂ [11-V/Si

impwea}eaft ibienRE o hbaZmulin e ias Ol dwrbould odd %1 1 - Vv
ound [ 1t e
oo RS SRR (Bhvelehdls HER! {R0hm 'Y @A) BSer 1
paitichlaar@aN Aslly ehrebe tiked arsom eldﬁ@@rlmydr an ﬂﬁba@m)strpeﬂurm

h detector. In atc h can be used ver
PRt v EBY Hrneeh Mg helaibengn  lpgar thnsiiier (TSTY

paxf@i'&@la@dGBNAESB caf Bk MNe@kGs 'aﬂ:fa"s@'le%@r el EREIRN, (vt the turn-
|'000OnNm t o 1600&@&)} i -n aval anche phot odet ect or. ki
on jepltege @b ahoweal gamndbdharsey lowennge pbget |coe$tyn1ason of the
tra%l?tﬁ |ght absorbing layer in the photodetector. (c)
‘efficiency multi-junction solar cell. In
particul ar, GaNAsSb can

By adjusting the process parameters such as, for example, fabrication temperature,
annealing temperature and annealing time, the following properties of GaNAsSb may
be controlled for specific applications:

(i) The bandgap of GaNAsSb may be varied from between about 0.65 eV to
about 1 eV to suit a particular application. For instance, in solar cell
applications, the atomic concentrations of N (nitrogen) and Sb (antimony)
may be adjusted to produce GaNAsSb with a bandgap of 1 €V, while for
a high-speed photodetector, the atomic concentrations of N and Sb may
be adjusted to produce a GaNAsSb active-layer with bandgap energy of

less than about 0.95 eV or 0.8 ¢V The value depends on the requirements
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be used as the |ight absorbing |ayer for a solar

spectrum below 1.1 eV. This would inprove the
we@edovassncy of the rmulti-junction solar cell bRCHRIG208/B00225

- 10 % (d) Near infrared (wavelength from| OOOnmto

1600nm) laser. In particular, GaNAsSb can be used as

an active layer in the |laser structure, (e) Low

Lo, SRRSO Bhad BB B B 5Pl 15

layer in p_tdﬂe)ftwae&hgmcagpnbgm&i Béhdohf chébiph OF VR thad®.95¢V is
as shown in FIG 9, and thereby | owering power

consunpt irequirsd fohb3 maefwevdengtiByprigptientsi ng t he

pr ocess ranet er,s. such far e | e, fabrication
tenfbbr at O CAi PR Of CRisSy? SRl CamSELSHERE f5irgded for
the fol | giégpet Offtchir®S applidaadiys SPhitdY, RAg&ORAHR |IFkime is
for specific aptpolél cations: (i) The bandgap of GaNAsSb

may be vapqwepdf fogexaaplacien selpoeall appsativust o about 1 eV

to it ' : ' ' ISt [ .

sol ) cel THRa5es! e utbusAHBh bl CoRALSEE KBP ERagkE high-specd
N ( ni t r ogdiojodatedtoBb agpiivhiiomnygre Meyryd eseadiivst ®d High levels of
produce GaNAsSb wj th ,a bandgap_of 1 eV, while for a .
hi gh- spedtiBa¥iGabigurbl thefeNAsh leyeshedn thaslies of garasitic

N and Sb gy Besiqiddshbsbifafcd)’ QAUG abﬁw’ﬁtﬁb f th t
active-| ayer g\/itlﬁ%a%gaé e(r:ﬁr gy o?el ess t1 an Oabou? detector.
0. 95 eV dietérofmetioil hiwolealtpasistep eplscations, be the other hand, are not

requi renmentsof, the application. Bandgap engargy | ess.
{han 0. BeUeRd s i GR heBapritGn Mo BRgeRD leyer vill be
appl i cat ijgRstiofdydoddpeaner gy of less than 0.95eV is
required for 1,3 nmmof wavel ength applications (ii)
Theifellewing aae spacifia exgmplss obhrsBiereat GAYAsSh grvavth parameters may
belghl Gbd B difeBEASflodifhsi on- speed switching
applrcations, € a Fonger carrier lifetinme is
redu) r UI-N phiotededsgdre, for sol ar cell applications.
iii) The |evel of ynintentional doping in GaNAsSb. )
A oy 1?\!?1&%%@6@#@# PRing apf devderkage sriTsppn; tha (GawasSh active
SeNrtd t j I ] U '
o SRR L X PA TR BHE SR, TRERKLRRRE. For such
chpactsistidsc the GaNAsSb layer may be grown at 400°C, followed by in-situ

annealing at a temperature of about 650 °C for a period of about 30 minutes and
thereafter ex-situ annealing at a temperature of about 750°C for a period of about 5
minutes.

(b) Solarcell
A longer carrier lifetime is very important for solar cell applications. Thus, an ex-situ
annealing step at a temperature of about 750 °C may be used to increase the carrier
lifetime.

(¢) Ultrafast sub-picosecond photodetector

An ultrafast carrier recombination process may be needed for such an application. Thus,
the GaNAsSb layer may be grown at a relatively low temperature of less than about 350
°C, followed by in-situ annealing at a temperature of about 650°C for a period of about

30 minutes to achieve fast carrier recombination and a low level of unintentional doping.
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- C (resistance-capacitance) on the bandw dth of the

detector. Heterojunction bipolar transistor

W@ppbils®mro ons, on the other hand, are not affeRPCEEGH®HS/000225
much since in such applications, the GaNAsSb | ayer
will be intentionally p-doped. The follow ng are
speci fic exanpl es of how di fferent GaNAsSb grow h

N ararreter %/ be. t@ %glfor different applications:
0(%)”?-"3!““?@ ingdt tgoiE fc‘ﬁ PLEPRUSHI™: of uni nt ent i onal
dopd)ng AARthnbieVblRedea@sorcurrent in the GaNAsSb active
| ayer are required for a high speed and high

For @@bmmsawllcqtlogh@sméi@m anountof As lﬁ@'ﬁerma@r@@tt@ fefeet is oeeded to

it o PO a G PR RSl DRSS, hC Gl eltpgpure of

Gadl A3bi ﬁﬁi this aﬁﬂwana@ 1m dboties56aw] folleweadftiyern-ein sinhealing at a
anneal ing at a tenperature of about 75Q0C for a period

terppergies et Bpowt Al &S oy pperpsd af aboat PO Mingagye Nocariuggnnealing is
recgﬁleﬁtfbﬂgﬁchin\éﬁél ratigpor tant for solar cell

i cat’i ons an ex-situ annealing step at a
ter@er é{auerrenmﬁtuabbmbla?ﬁ@nsﬁstmay be used to increase the

carrier | fet UL t f t
THE RbRagHBt St LRI 1Pt G TPbHGn Bogengn The level of

unRIQRRSS] %)?s R8¢ @ﬁﬁlcan %r 8 Yfalsigidr ap;mdaﬁaﬁ Ibeeausmh@ GaNAsSb
t he GaNAs ayer (grovvn at arelatively |

laytee mem¢rlﬁmalcb3f hlelsls' pfd@ne bdbereBBe e, grwho\mdpewure of the

u.ann in e aboyt. 650C for 3.
Oopia e LB B 20D B P b PR by efling
a te@efiRird df iabdutassd T faw Ibeﬁib@ oftdbottn3heflteOBad thereafter ex-situ

dopi ng. No ex-situ annealing is required for such an

ana?ﬁénng@a@ femper{tEne KBPaneRe é@@é@%@ﬁ Foutymiguien an
application, a si gnl ficant anount of As (arsenic)
Adsfantagpouslyde thec tmethodhe uid beo used ggemanuashure ehigh speed p-i-n

PR PGy B SR ERHAL IR ey ftBmrn < about

350C, followed by in-situ anneali ng at a
While the preferred embodiments of the invention have been illustrated and described, it

will be clear that the invention is not limited to these embodiments only. Numerous
modifications, changes, variations, substitutions and equivalents will be apparent to
those skilled in the art without departing from the scope of the invention as described in

the claims.

Further, unless the context dearly requires otherwise, throughout the description and the
claims, the words "comprise", "comprising" and the like are to be construed in an
inclusive as opposed to an exclusive or exhaustive sense; that is to say, in the sense of

"including, but not limited to".
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tenperature of about 650 C for a period of about 30
m nutes. No ex-situ annealing is required for such an
W@pPbiszsri on. (e) Heteroiunction bipolar transPGr/8G20081€00225
mnority carrier lifetine is a critical paraneter for
this application. The [ evel of unintentional doping is
less critical for a transistor application because the
CfaamésSb |l ayer is intentionally highly p-doped.
Therefore, the growth tenperature of the GaNAsSb | ayer
lis bt wethedafufabivetien abautenigmdastof oif] gelbidnbpitride arsenide
= S § U ' a erature.of ~about 650 0C for
i CANRGOInSh HeREREARHEr e, LRl Piigriéa at o
fabricatmhi rRgpatataret foljosvedt by endéaliaBoatt ar’ HAn&alfn@r tednpeedtir@dfor an
of about 5 m nut Advant ageously, the nethod may be

es.
- alﬂ@%l@gttéi“ﬁa"ﬁl%ﬁ*%taﬁfeéswlﬁr?f'speed p-i-n photodetectors

W t hy, Graaies eﬁ@g [ : oW | e
the pref ei%rgg%&g od%%h%%%?%@%%&g%t%? gn a\lllgg Egeéh
isi dontrekeda fadccanthlliies defebie fhrmiatiomin thdsemicemductdrato bheo achieve
i nvent.ion is not limted.to these enbodi nents only.
rkghfemy e ms P FERRTsGngebe SoRrpaichi,
substitutions and equivalents will be apparent to

those skilled in the art wthout departing fromthe
2.scopé mgthedes ¢laimest inotaigs!,delesein tesiddfacttih at lohsions selected from

ol R LR R S R A e

urliaensriab @opingconpri sing” and the |ike are to be
construed in an inclusive as opposed to an excl usive
or exhaustive sense; that is to say, in the sense of

3. nci_%xgﬁé.tﬁ&l apb'ltaingk?f inl ALt £O; %lglm 2%%#&%ghpfﬁir#§erﬁgp\?zgﬁeepitaxial

for rication a sem conduct or
lagers el GeAsSt onomisdlestifaGa ik Sijeaimgaths Wdystakiat éaywhe teeposure of

the fabrication.is perforned at fabricatjon .
DT ATI PR GHGERR BT Hae s NOIeE 4 GG favges are isolated
frb@TREAOBER plaGina 85udB A6Ahd Plsihi Ritioder ei n at | east

one of: the fabrication tenperature, annealing

tenperature and annealing tine, is controlled for

4.;2”: %‘%@ﬁ:&g \?g ec]ieﬁﬁ‘ltedfig IR ﬁnwllle?eia h[ﬁe Seglrtnax%ﬁqgif'lecrg e 2% isolated

from the nitrogen plasma source during stabilization of the nitrogen plasma source.

5. A method as claimed in claim 3 or claim 4, wherein the nitrogen plasma source

is a nitrogen RF-plasma source.

6. A method as claimed in any one of claims 3 to 5, wherein isolation is by vacuum

isolation using at least one vacuum valve.

7. A method as claimed in any one of claims 1 to 6, wherein the annealing is
selected -from the group comsisting of: in-situ annealing, and in-situ annealing in

combination with ex-situ annealing.
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predet erm ned performance characteristics of the

sem conductor. 2. A nmethod as clained in claiml,
wWQRWPar1e7e he defect is at | east one sel ected fPOHBGHES/000225

group consisting of: arsenic antisite defects,

ni trogen-rel ated defects, surface defects,

uni ntentional doping. 3. A nethod as clainmed in claim

1 or , ; i e . o] .
B ay b SYEAT 2, DR n CRTRC, NitGeid QS (i BRULE A (b anncaling
terapérbtaxd & thayarge 600°ExPoIWN°E; aidnéx-siog ennatingtha rthen aanealing

ni trogen plasnma yr.ce; rein the epitaxial |ayers
te‘ﬁ?%raqug%ll %WFb?é)q{;éoﬁpmgen pl asma source during

plasma ignition. 4. A nethod as clained in claim3,

wherein the epitaxial |layers are also isolated from
9.t he Ametloyess Phigeden sbhimdeorielainn§, wherbin| the angegling fintetie in the

ni t | as soutce. 5.. A nethod . as_cl ai in.
raffe ] 780 pPdRERon i fupdint, FE 16 85 uhEp I IE e Bipgicsdor ox
situSnBealingr ogen RF-pl asma source. 6. A nethod as cl ai ned

in any one of clains 3 to 5 wherein isolation is by

vacuumisol ation using at |east one vacuumvalve. 7. A
10Et he qn@t‘ﬁ &’la@' aﬁ%éd]nina %ﬁg & cl%i | g 19,t \thgr.einv%r EoHcation

t he ‘anneal| ng Is selected fromthe group ’consisting
temmperatune iih theawangal 508G, to 400°G.n-si t u anneal ing in

conmbi nation with ex-situ annealing.8. A nmethod as

claimed in claim7, wherein in-situ annealing has the

11@anneglh feod SIBRIALY Eadylodd6F £l8RgE1 60 Q0 GuftBer (QRHeisi tering
ex-situ anneal i ng has t'the annealing tenperature’in the

reaciivg éoni? 0idazencspeCios By dévergiomet hddcation detweendhé mitodgeh mplasma
7_0r 8'1{’" mb8 tvvherein the annealing tinme is in the

sopres §89 11 BO8B i nut es for in-situ annealing, and is in
the range 1 to 10 mnutes for exsitu annealing. 10. A
nmet hod as clained in any one of clains 1 to 9, wherein

12 he A awnthechas daimedrip slemdd ewhereimdiversiondn b anBpne afild across
. . [
L
frovh tthogenp spesstas diy amleleetrisaldieldtand almaakiioficldet ween
the nitrogen plasma
13. A method as claimed in claim 12, wherein a voltage is applied across the plasma
tube using a pair of deflection plates, the electrical field being substantially

perpendicular to a longitudinal axis of the plasma tube.

14. A method for fabrication of a semiconductor of galliﬁm nitride arsenide
antimonide (GaNAsSb), the method comprising:

growing epitaxial layers of gallium arsenide antimonide (GaAsSb) on a substrate
and subjecting the epitaxial layers to exposure of nitrogen atoms from a nitrogen plasma

source;

the epitaxial layers being isolated from the nitrogen plasma source during

plasma ignition.
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source and the substrate. 12. A nmethod as clained in
claim1l, wherein diversionis by applying a field
WQR2108487820 pl asma t ube adj acent an outlet of thRCT/SG2008/000225
ni trogen plasma source, the field being selected from
the group consisting of: an electrical field, and a
magnetic field. 13. A nethod as clained in claim12,
15wher ginfetRoy 4 tiafed 1% Aapl del%ié&lstﬁe Eﬁ%xﬁ’il A3yERs hﬁébﬂso isolated
using a pair of deflection plates, the electTical
frdmh dhechibregergplesrhs saumed during spabilizatian @ﬁﬂamlﬁrfagea plasma source.
| ongi tudi nal axis of the plasma tube. 14. A nethod for
fabrication of a sem conductor of galliumnitride
16ar seAi dlethadtdsraihie ih Qs $8)or ¢ikien B! ROGreROMRS hiiogei plasma
grow ng_ epitaxial |ayers of galllun1arsen|de
SOBFPeiif® RiteReep BdARlgHa W subst rat e and subj ecting the
epitaxial layers to exposure of nitrogen atons from a
nitrogen plasma source; the epitaxial |ayers being
17. sol Atmaethbd e ddimediih rang eomepbiaclaimss ddite d 6d wihieren dodetivn. is by
|gn|t|qn 15. A nethod as claingd in claim 14, wherein
vacRaM 3NR0s using aheaskons WeBYB ya{%So| at ed from t he
ni trogen plasma source during stabilization of the
nitrogen plasma source. 16. A nethod as clained in
claim14 or claim15, wherein the nitrogen plasm
source is a nitrogen RF-plasm source. 17. A nethod as
claimed in any one of clains 14 to 16, wherein
isolation is by vacuumisol ation using at |east one
vacuum val ve.
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